AD-A173 100

UNCLRSSIFIED

DROPLET SIZING RESEARCH PROGRR?(U) SPECTRON DEVELOPNENT

LABS INC COSTA MESA CA_C F H 1
SDL 86-2286-15F AFOSR-TR-86-8875 F49628-83- C 080608
F/G 4

41

172




E
o

o

EEEE
)
"

I

I
I

I

EEE
FEEE
N

o

L

EFF
F
13

I

‘ o
n
=
o

I
Q't‘u'ﬂ.ﬂ.o

TN ‘ (e LN \ “ Wt
o ot OO EICN DLES '.'ﬁ ’-!r‘ " 3 'ﬁ‘ ‘a‘ 8, "';u{c‘ o : f‘:ﬁ"ﬂ,‘? Y "“l"‘ki (X} :‘« LYy . M



DROPLET SIZING RESEARCH PROGRAM

bl-ald

=
AD-A173 100

¢ 5\ L]
> ;
P FINAL REPORT -
S
-7 q:;%*
" & %,
r o« > 5
< 9 LA
g .: 10 March 1986 42," >
a el F % 2,
£ "’.’ & J % d‘)
‘t' I v, ‘:b
R A SDL" No. 86-2286-15F %

~y
Ny . SO

+
2

+ ¢
b2t
<

o~

-
L
3
Fogy

. &) )
Vo i éf:’ - Prepared For:

% Eortrins AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
\ EE PR N Attn: Dr. Julian Tishkoff, AFOSR/NA
Sg4 0 Py Directorate of Aerospace Sciences
e o Building 410
l Bolling AFB, DC 20332

na Under Contract No.
: F49620-83-C-0060

SPECTRON
DEVELOPMENT
LABORATORIES, INC.

j, 3303 HARBOR BLVD., SUITE G-3,COSTA MESA, CA 92626 ¢(714)549-8477

8 10 8 075



-

\
A, -

[ ' .

’® » *

UNCLASSIFIED ‘ <
SECURITY CLASSIFICATION OF TiS PAGE ‘ ﬂ D * 4/7’,&

REPORT DOCUMENTATION PAGE

1b. RESTRICTIVE MARKINGS l

ta REPOAT SECURITY CLASSIFICATION
UNCLASSIFIED

28 SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/AVAILABILITY OF REPORT

i 25. DECLASSIFICAT :u e Publie rey ’
: y ICATION/OOWNGRADING SCHEDULE .
y tributien unlinitea

3

\ 4. PERFORMING CRGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)
86-2286-15F AFOBR-TR: 30-0VB8 ¢S
63 NAME QF PERFQRMING ORGANIZATION b, OFFICE SYMBOWL
(Il applicable)
SPECTRON DEVELOPMENT LABS

AFOSA

N 6c. ADDRESS (City. State ond ZIP Code) 7b. ADDRESS (City, State and ZIP Cade)

3303 Harbor Blvd., Ste. G-3

) Costa Mesa, CA 92626 %4ﬁ5 Ae 20332 -6¢¥Y

7a. NAME OF MONITORING ORGANIZATION

82. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION Air Force Office (1f applicable)
of Scientific Research MNA F49620-83~-C-0060
8¢c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
., Bldg: 1010. 6(“/{ PROGRAM PROJECT TASK WORK UNIT
ay Bolling Air Force, DC 20332~ ELEMENT NO. NO. No. NoO.

11. TITLE tInciuce Security Classification)

#, | DROPLET SIZING RESEARCH PROGRAM &//02F z30% w3

12. PEASONAL AUTHORI(S)
Dr. Cecil F, Hess

) 13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT
o FINAL From 1/15/83 101/15/86 10 March 1986
Bt 16. SUPPLEMENTARY NGTATION

12, COSAT! CODES

:: FiIELO GROUP SU8. GR. droplet sizing,

nonintrusive, ad

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

article velocity, mass flux,
ced laser diagnostics, e

. uJ
been completed. The major D l

' 19. ABSTRACT (Conlinue on reverse if necessary and identify by biock number)
“~™—a A three-year program in droplet sizing research h
rl accomplishments include: (1) Establishing the errors and limitations associated

with the Visibility technique; (2) Development of two new techniques utilizing abs
g - lute scattered light; (3) Extension of techniques to submicron particles; (4) Exten-
sion of techniques to nonspherical drops; (5) A solid spray diagmostic capability o0
. which has been synergistic with many programs from other agencies af the Air Force

(AEDC, BMO, Wright-Patterson), the Government and Industry. N,

. The new techniques have been applied to the measurement of sprays d solid

X particles with accuracies better than 10X and dynamic ranges between 10‘and 30. -
.: Complex bimodal, trimodal and quauramodal distributions have been measured with an ey
b accuracy and resolution exceeding all available techniques. Kamz:r-d.),‘

Finally, as a result of this research effort, existing instruments developed. O

40 DISTRIBUTION/AVAILA-ILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION w ‘

N Juncrassirieo/unuimiten R same as rer. 0 oric users O Unclassified

8. NAME OF RESPON.SIBLE INCIVIOVAL . 22b. TELEPHONE NUMBER 722:. OFFICE SYMBOL
: Ww’ tinciuge Area Code)
L - 4”4“ et /. i’ﬂ;— Tlo7- #9325 s/

“.,’ \<
DD FORM 1473, 83 APR €01 TN OF 1 JAN 7315 OBS0LETE, M R

OO AN OROU ORI
Tl et NSRS T

ot

Ml ah ey



TABLE OF CONTENTS

Page
1.0 INTRODUCTION ® 0 0 0O GO0 0 00000 0O B ODO OO OCE S PO ENOOE OO OOCSSIOIPBSESGESEDS l

2.0 OBJECTIVES ANDMAJOR ACCMLIS}MENTSD.......I............... 2

Major Accomplishments......-0.0ocoooooonlo'o.ooo.-oo..oo..lo 3

300 TECHNICAL DISCUSSION.00.c...O.o.l....-..‘nt.oouo...o.oo.o'o. 4

3.1 The Visibility/Intensity Techniqueecsscosccocccocccosss 5
Associated Researchececccccccccscsscscssssrscsccocsccns 5
Errors in the Visibility MeasurementSeeccecscccccccesnse 7
The Visibility/Intensity (V/I) Technique..eeecesessces 8
RESUltSecccssccvsossccssscssassascsssssssssasssccccecce 12
Ef fect of Beam Blockage on Size Distributionceecceceee 15
Measurements with the Berglund Liu Droplet Generator.. 15
ConcluSionSeecvevscssevocoscssssossscascoscscscsssncsces 21
ReferencCeSeescscccscsssesscovsscsosssssacscsscsscsssscsscss 22

3.2 The DIAXTechnique............-....................... 23

Introductionecssecsccssecscsssscascsccasssscssssncssss 23
Problem Statementsecescosssscccssccsscssscsscsoscsssns 25
TWo=Co0lor SySteMeccccccosscesssoccssssassssncscssssens 20
Dynamic Size Range and Error AnalysiSceccecocecccssces 31
Single Color SysStemecccsscccccscoscccssnssssnscsccsses 34
A Self-Calibrating Algorithmescecescecevecccccssccsssss 39
The Probe VolumEeeesesoscecosssoscsascsososssscossscnnsss &0
Description of ApparatuSecsesccsscoessscsssscecacscscss 44

Results.......O'ol...ooo....0.00.....'00.0.0'00D..I..' 69

Effect of Beam Blockage on Size Distributionsececececes 52

e 86228615TC/37

!
i
i
i
i
A
¥
B
b
:
i
§
i




Page

Conclusions.o....o.l.‘.l...o..oo..;.o...'tooo.oaoo.o.- 52

References...o‘..o..o.cOOCQQ...Q'OO....Q........'..oco 54

TABLE OF CONTENTS (Cont) '

t 3.3 me IMAX Apparatus.toooo.ooot-nooooooanoooooo.ooooo..o 56

ADSS © 9 0 006500000000 0080008 000000000000 00000088000000COCOES 56

Spray ReSUltSeeescescossssescestsccccssscscscsscsssccssns 59

3'4 The PIMAX Technique...OOOO...o.0.........00.0.0'.'.... 65

Apparatus and Experimental Facilityeeesocesscscccceees 65 o

Experimental Determination of the PIMAX Probe Volume.. 67

" . i
T:g::i Polarization crosstalk. 000500000V CSOBOPIONPNOICESIOIONNOIIOEOEOIETINITS 70 g ‘g
;"0 -,
'::“"» Expel'imntal ReSultSescssasceascescsosccnscssncccsssons 70 :
o

Pre—Calibration Procedur@eecceccecscessscesnsscsascncasnse 70

»

b ¢
¢“5:v Dynamic Size Range.----o-o............................ 74 o V
e, 8 B
W ,' '
'T'é spray ksults. PO 0 6 0000000 A EOOEsOPOCOEEROEALOESISIOIOEOIOEOIESIIPOOETS 77 s‘, !

3.5 Measurement of Submicron ParticleSeccceccescscoscccncee 86

“ Theory OO 00 6P 9O OO B PO OO0 OO PL B OO ORISLINOENRNOOSISIOSIOSEOERPSEBDBOOS 86
¢ 5 '."
S Numerical Computations of the Scattering Functions.... 90 :gf,

Apparatus and Experimental Facilityeceeecsescccoscsees 94

The Particle Generatorecccecsccsssssssrescessccssssnces 96

Expetimntal Resultsttaoooooto.o-ooo..oalo..looooo..oo 98

e

ReferenceSeeccsccecccceccosscssssssrossnsoscscsscnssctnccse 105

:,‘: 3.6 Measurement of Nonspherical DropS.sccececesssssscsccees 106 @ ;
:: Introductione secesccsesessecscscsconssssccncesvscsncase 106 ;
Description of ApparatuSeceecscssccecesscsosssscecsssess 108 ﬂ |
Description of ExperimentSeccccceesccsssesoscessscssaess 108 E
-{i- 86228615TC/37
|
: "

-

BT, Mt

A

‘l:

f"-,’\,‘,‘l"n.’« IR XM ﬁ“'l \) \ ) OO AARCUOAIOO0 \J '\“‘
et B A R AR e R TR R AR RS BRI st i R at



TABLE OF CONTENTS (Cont)

Calibration Procedure@sccececcsccccccoscssssccsssceccnses 111
Experimental ReSultSesecssccescccccesecsccsssocccscace 112
Characterization of Simulated Rain Sprayeeeeeseccecess 112
Spray Interference.cccseccecssecccsccssescssacaccosses 114
Monodisperse String DropletScceccceccescecscsccsscsses 117

POl}'diSperSe Spray.oo.l.o.0"..0'Q.u.loo.o....ou..loQl 121

The Effect of Droplet Asphericity in the Scattering

Signal © 0000000000000 0000000060008 00000000000000000e0s 124

Ranftag
P

Numerical Modeleeeecesocecscsosossscccccscccsscscssscea 124
ReferencCeSsescscecsecscscsscscscssssscecscnsscsossnssssssscscss 130
4.0 PUBLICATIONS S0 GO OO0 OO0 QOO N NS BOOSRPNOPOCOEROSESOIENOPSISTOEDSPNOERSESDRTSDS 131

5-0 PROFESSIONAL PERSONNEL...100.Q......'.OOOQ..O...0'0.0.".'.t 132

[ e o

_icfeslon For |

NTIS CRrag; w
a
a

DTIC TAB
fiannounced
Justitication

frteesecedennnnia.

LT R———

L LTS PP,
L

Availabit
| Zvalability Codes
Avail andjor
Special

||

Dist

g

-fii- 86228615TC/37

I O




1.0 INTRODUCT ION

This, the Final Report of the "Droplet Sizing Research” program,
summarizes in a concise manner all the progress and significant
accomplishments achieved in the three-year period of 15 January 1983 to
15 January 1986.

To facilitate the reading of this report we have organized the
technical section into subsections, each corresponding to a specific
technique or application. These techniques are presented chronologic-
ally since there is a logicai development as a function of time. Most
of the significant technical accomplishments have already been reported
to AFOSR and furthermore have been published in journals or presented in
meetings. The organization of this report will consist largely of these
publications since they utilize concise statements and waste no time
with unnecessary details.

Finally, Spectron Development Laboratories would like to express
that this has been its single most important program in particle charac-
terization. It has provided a broad-based capability in spray diagnos-
tics and it has also been the stepping stone to other programs
benefiting the Air Force, other government agencies, and private

industry.
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2.0 OBJECTIVES AND MAJOR ACCOMPLISHMENTS

To understand the objectives of this program it is necessary to
briefly review the state-of-the-art when the program began.

The "Visibility” technique proposed by Farmer, Robinson, Adrian,
Orloff, Roberds and Bachalo had become the most widely recognized method
for measuring the size and velocity of droplets in a spray. The Princi-
pal Investigator of this program, in light of massive experimental
evidence gathered by himself as well as other users of the "Visibility”
instruments, questioned the validity of this technique. This experi-
mental evidence was included in a proposal to AFOSR, resulting in this
program which not only provided a solution to the "Visibility” problen,
but produced alternative techniques which have shown to be much more
powerful. The objectives of the program were then aimed at advancing
the State-of-the—-Art by establishing the limitations of the "Visibility”
technique as well as developing alternative techniques which would yileld
accurate methods for characterizing sprays.

As will be shown throughout this report, these objectives have
been met and in many ways exceeded. The detailed statement of work can
be found in the proposal as well as in the two annual reports. Instead
of repeating it here, we would prefer to list the major accomplishments

of this program.
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Major Accomplishments

1. Established the limitation. and sometimes uselessness of the E
visibility technique.

2. Incorporated the visibility/intensity technique which pravided a !
solution used to retrofit many instruments based on visibility !
only. These instruments are now used in several centers: G. E., :
Exxon, Shell, NRC (Canada), Rocketdyne, UCI, etc. :

¢ 3

3. Developed the IMAX and PIMAX techniques which are capable of ’

measuring large dynamic ranges with improved accuracy.
B

4, Generated spray data base with above techniques. These data also £
point out the limitations, sensitivity and performance capability %
of the various techniques. E «

5. Built instruments based on the IMAX technique.

ol

6. In the research process, the techniques have been modeled )
analytically, including such items as:

i

™,

a. Signal sensitivity and error analysis; 3
b. Probe volunme. ;
¥
A
7. Conducted research with nonspherical drops. ;‘:
k
a. Experiments were conducted with monodisperse ellipsoids. iy

b. Theoretical model has been partly developed to predict the
light scattered by large ellipsoids.

8. The size and velocity of solid particles were accurately
measured.

9. The AFOSR research has been the inspiration and stepping stone to
other research:

s B | B3

. §
AYy &
;;‘s;. ’ a. Measurement of submicron particles in LDV applications for :'&
e AEDC; o B
:::0' b. Rocket plume diagnostics with laser line velocimeter for ﬁ :;
R BMO;

Ce Rain droplets diagnostics with Top Hat technique for NASA.

o
| 7~
i

--
o 3

10. Four major publications have resulted from this work.
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3.0 TECHNICAL DISCUSSION

In this section we provide a concise summary of all the major
technical accomplishments achieved throughout the program. There are
six subsections, each one dealing with a specific technique or applica-
tion. The first discusses the Visibility/Intentsity technique; the
second discusses the IMAX technique; the third describes the development
of an instrument based on IMAX and provides spray data. It also intro-
duces PIMAX; the fourth discusses PIMAX in detail and provides detailed
spray measurements; the fifth shows that IMAX/PIMAX can be extended to
accurately measure submicron particles; the sixth subsection describes

the measurement of nonspherical drops.
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3.1 The Visibility/Intensity Technique

el e

k™

-
-

In this subsection, we discuss a technique combining the

Sl ule
P
CF iagt et

[

visibility of a Doppler signal and the intensity of the scattered light

-l

to measure the size and velocity of particles. It is shown that using

i
(o >

only the visibility technique can lead to large errors under many

-

‘il a el vk -

i

conditions such as dense sprays. It is also shown that this error is

“ considerably reduced and very high resolution is obtained by combining

' the visibility with the intensity of the scattered light. An instrument
was developed using this new concept and measurements were performed in
5 sprays of known characteristics. The results of monodispersed, bimodal

59 and trimodal sprays are reported.

i Associated Research

The interferometric technique to measure the size and velocity of

particles flowing in a fluid has been in existence for approximately one

|
i
i
i
; i
i
i
!
i

y » q‘“
A/ decade. Farmer! introduced the concept of using visibility for particle §§(
2 th
by OO0
% sizing in the forward scattering direction. Since then, many researchers '%
¥
(X .
B have contributed to the development of the technique. Robinson and Chuz, - -
,: for instance, rederived Farmer's results using a more rigorous approach, NN
. and the definition of visibility through the first order Bessel function tﬁ '
’
b LV
s was confirmed experimentally in forward scatter. However, contrary to
> what was thought at the time, this visibility relationship could not be %}
'g T "used at any anrgle other than the forward or zero degree. Adrian and
# <3
oL
Orloff? showed that the simple relationship valid in forward scattering Iz
) . N
s ‘§ B3
3 |/ Kht
" 5- 3
: 228615F31/27 - ~:
n
K ‘ NS,
0 .3 O N R A TR i e R R R St S R T S S N A S LSRN *a'»
i:f' "i%'*-"‘“‘ : . ﬁ‘*:t‘h. _',:., LARAL VLR, ? AR e ‘r : ". "‘» o ‘p Ot O, LERGAAAG



Sa i aa ua hoa bo Lo a iy WY w P RTWCERCR W W R W W e e -~

could not be used in backscattering. This finding was also confirmed by

Roberds4, who in addition showed that the configuration of the receiving

a2t ol

[
1) 5
x

L
aae

optics would also affect the relationship between visibility and size.

.
,
> -

-
=
<
0

‘.

The biggest known limitation of the visibility technique was its

-
“ron o
Bl |

inability to measure particles in a dense field. The main reason being

» &

a

that the probe volume when observed in the forward direction is big and,

i
AT
e
[

»

therefore, the criterion of single particle measurment is not always

met. In addition, the technique dictated that the largest measurable

%"
e |
. L e}

R

&

% . droplet was of the order of the fringe spacing. This imposes a limita- ‘f%
. gg tion of about 200 pym to the largest measurable particle and also results Jﬂj
i\ :3 in a large probe volume, since a minimum number of fringes is needed §£§
% > (typically 8) to accurately process a Doppler signal. Egs
¢ a Bachalo’ formulated a mathematical model based on classical o
3 optics where the Mie scattering is approximated with refraction, dif- E?%

fraction and reflection. That model was used to predict the visibility .Q

o af -t nl ot
VA
1‘.

r 3
22

of spherical particles in off-axis directions. Experimental results

g; using monodispersed droplets confirmed the validity of the model under &g&
ﬂg g; many conditions. Pendleton6 later confirmed these results using a g%§
g sophisticated numerical model that utilizes the full Mie equations. !2{
L4
ﬂ 55 ‘ Recent work conducted by the author shows that there are two major limi- ::i
A s
? ﬁ} tations on the existing models. First, all the theories developed thus %s%
Q K far predict the Mie scattering from beams of uniform intensity. Second, 5f‘
.‘iy the formation of the fringe pattern at the probe volume may be affected sﬁi
}. l by secondary scattering of particles immersed in the laser beams before e :
:: ﬁ they cross. As a result of these limitations, the relationship between '!::':
visibility and size is not straight forward and considerable errors can ?ﬂé

K5
Wy
'I
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=y
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be made. A model proposed by M. L. Yeoman et a17 pursues the solutions
of the above problems. It consists of two concentric interferometric
patterns of two colors such that the small one establishes a region of
the big one where the hyperbolic variation of the visibility is negligi-
ble. Also digital analysis of the signals helps establish some that are
in error. The research reported here shows that using the intensity of
the pedestal of the scattered light in addition to the visibility will
eliminate many of these errors, significantly improving measurement

accuracy.

Errors in the Visibility Measurements

The prediction of the droplet size based on the visibility of the

light scattered by the droplet crossing an interferometric pattern of

j;‘

fringes depends on the pattern itself. For a perfect system the fringe

-
[O AV ol oy }

-
-

HER

visibility should be 100% and the light scattered should be primarily of

one type (refraction, reflection or diffraction). There are, however,

v

many causes in practical environments that contribute to alter the

I Jall W 4

Bk

%l

fringe pattern and, therefore, confuse the relatiouship between visibil-

=

ity and size. The result is that apparent sizes instead of true sizes

K 4
l."l‘

are often measured. As an example, droplets interacting with the laser

A

P

beams before they cross will randomly reduce (or even destroy) the
fringe visibility. If a droplet is measured at such time, it will
appear bigger than its true size. There are several factors that pro-
duce an error in the visibility measurement and they are listed below.
They are divided into two groups: the ones that reduce the visibility

and the ones that increase it.

228615F31/27

o
o
:“é‘.‘n’i‘:fﬁ‘r‘

AT T A A A AT 4T e N ] W Vgt SR TN Ty Wy 7 V) T Aot e Pn 0 T g Ly, Fe ARG
e dutehadndeinlod P AT T BRI s ;... 23 LA B TR



A) Factors that Reduce the Visibility

1) Particles prior to crossover destroy fringe con-
trast. This is a function of the spray density.

2) Beam excursions due to turbulent hot media.
3) Hyperboloidal reduction of visibility.
4) Light scattered by reflection/

refraction can add destructively for large droplets
immersed in a non-uniform (typically Gaussian) beam.

5) Multiple particles in probe volume.

6) Increase in signal background. Normally from many
little drops present in the probe volume.

7) Loss of fringe contrast due to faulty components
(beamsplitter, etc.)

B) Factors that Increase the Visibility
1) Out of focus drops "masked” by the pinhole.

2) High time rise on leading edge of signal.

The Visibility/Intensity (V/I) Technique

This technique makes use not only of the visibility of a Doppler
signal but also the peak intensity of the pedestal. Both parameters are
available in the signal and their cross—correlation can be used to elim-
inate faulty signals produced in many practical environments. This

technique will especially prevent small particles (high visibility) from

appearing as large. Figure 1 shows a Doppler trace where both the visi-
bility and the peak intensity of the pedestal are indicated. There is a
relationship between the size of the droplet and the amount of scattered

light given by Mie theory. This relationship can be used to eliminate

8- 228615F31/27
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signals with an apparently different size by using the following logic:
droplets that produce a certain visibility are associated with a given
size; hence, they should scatter light with a given intensity (charac~-
terized by Ip). Two exceptions are contemplated: first, droplets with
the correct visibility will scatter different amounts of light due to
the Gaussian nature of the probe volume's intensity; second, droplets

with an erroneous visibility will not scatter light with an intensity

P &% W T BN

corresponding to their apparent size.

The V/I method will then establish intensity limits for every

mw

measured visibility. This will produce a well established probe volume

as a function of size and will reject droplets measured with an erron-

s

1 eous visibility. For instance, assume that the size corresponding to a

visibility V| is dj. Then the light scattered will have a pedestal with

maximum intensity Ipl(max). Since this intensity would only be detected

LSy
s‘:

from droplets crossing through the middle of the probe volume, Figure 1,
more relaxing limits are proposed. That is Ipl will be accepted when

IPl(min) < Ipl < Ipl(maX)- Obviously, the broader the limits, the

larger the error that can be allowed with the visibility technique.

5% R

Figure 2 shows three cases that illustrate the correcting proper-

=2

ties of the V/I method. Figure 2a shows a droplet of size d; with visi-

bility V) and intensity Ipl. Since this last one is within established

limits, the signal is accepted as valid. Figure 2b shows the signal
produced by a droplet of diameter d, but the visibility was reduced to
V) due to fringe contrast reduction. Since the visibility is Vj, this
signal would be interpreted as having a diameter d;. However, the peak

intensity of the pedestal Ipz corresponds to its true size (dz) which 1is

' -10- 228615F31/27 g
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— 3(a) and 3(c) correspond to droplets traveling thru the __
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'.:;::: a small droplet traveling :=hru the middle of a disturbed
:1",? probe volume or a large droplet traveling thru the edge of g
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smaller than IPl(min) (to which it is compared). Therefore, the signal
is rejected. Figure 2c shows the signal of another droplet of diameter
dy but with correct visibility V, and corresponding pedestal IPz. This
last one will also be accepted.

Since the intensity limits are functions of droplet size, a vari-
able filter like the one shown on Figure 3 is necessary. It contains
the intensity limits Ip(min), Ip(max) corresponding to any visibility
V. Figures 4a and 4b show the raw data and software filtered data of an
intensity/visibility plot. Figure 4a shows that the intensity is
bounded by Ip(max) (with a few exceptions due to light reradiated by up-
stream droplets). Points with different intensity/visibility combina-
tions can be either due to droplets moving through the edge of the
Gaussian intensity profile of the probe volume or to droplets with an
erroneous visibility. By limitiang the intensity of the pedestal for
which a signal is considered valid, two things are accomplished: (1) the
limits of the probe volume are carefully established; and, (2) most

importantly, most of the signals with erroneous visibility are rejected.

Results

Experimental results are presented to 1llustrate the accuracy and
resolution of the visibility/intensity technique, and how it compares

with visibility only.
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’ Ef fect of Beam Blockage on Size Distribution i .'7 _‘
!
:fg The effect of a very dense spray blocking the laser beams before !
K
B the probe volume was studied. Figure 5a shows the histogram produced "
when monodispersed droplets travel through the middle of an undisturbed i S;
%;: probe volume. Figure 5b shows a histogram obtained with the visibility ' EE;!
& N
' technique of the same monodispersed droplets but now the laser beams o
“t: have traveled through a real spray before crossing. We made sure that ' {:
§: the spray was not going into the probe volume. The fringe pattern pro- sé
‘:. duced by crossing two laser beams is well behaved and theoretically pre- l ‘i
ﬁ: dicted in the undisturbed case. However, when the beams travel through F ,%
:: a spray, this fringe pattern can be considerably altered due to random : %
:'i beam blockage. The result can be a distorted Doppler signal with a I !
g visibility, both lower and higher than that predicted theoretically. ‘ %ﬁ
E Considerable error in the size distribution will then be observed. The g 3§
1; L)

v size of the error depends on the visibility itself. It is quite appar-
KX ent from the histograms that what should be a monodispersed distribution

W is measured as a very broad one. The next histogram shown on Figure 5c

BES
i

\ shows the results obtained with V/I when the beams travel through the

o e "
=R
SFEE

2K

spray before crossing (same conditions as Figure 5b). Notice that a

very narrow distribution is thus obtained.

Y

-
-
4
-
-
e &
-

e Measurements with the Berglund Liu Droplet Generator

The calibration and verification source used in these experiments

{" was the Berglund Liu monodisperse droplet generator. This generator can

o
-
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VISIBILITY/INTENSITY VALIDATION TO MONODISPERSED DROPLETS
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Size distributions of a monodispersed string of droplets.

Figure 5,

(a) corresponds to undisturbed laser beams measured with either V or v/I.

(b) and (c) demse spray is blocking laser beams before crossing.
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Al
work in two modes: (a) it can generate a string of droplets of known .

size and equally spaced at the measurement point; (b) using a cap and

dispersion air, these droplets can be dispersed into a spray of monodis- 5
persed droplets. 5
It has been observed in previous studies® that under some disper-
sion air conditions, some of the droplets will collide and form other g
droplets with double or even triple the volume. Therefore, if the pri-
mary droplet diameter is d,, droplets with diameter 21/3do and 3]‘/3 d, &
can be produced. It must be pointed out that in these studies, we did ﬁ
not obtain photographic measurements to verify the presence of the
secondary droplets. The size of the primary droplets was accurately %’
predicted from the flow rate and frequency of vibration of the pinhole.
One limitation imposed by the Bergluand Liu is that it cannot pro- i
duce droplets of a given size at arbitrary spacing. Since the measure- f
ment instrument requires the presence of only one droplet in the probe L
volume, that limits the size droplet that can be measured. ! x
The procedure used in these experiments was to produce a string
o
of large monodispersed droplets to calibrate the instrument. Then 83
smaller droplets were produced by increasing the frequency of vibration
of the orifice, and with the dispersion air a spray of these droplets N
was formed. Typical number density at the probe volume was 500 ;s
B dropleta/cm3 and the diameter of the spray at the plane of measurements §
Ei:r was about 4 mm. :‘_:
é‘:?: A DSI system with V/I capability was used to obtain the data 9
k shown below. ‘ ’
s
™ ¥
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R
-

;‘. )

o 17- 228615F31/27

ImE

h ' A - .
Y N 0 [ i T
T (? R V'?.V!'s'? KRR LA “"“-u";Q“:t“‘?;l?i:*".;’«=ég‘ A "“‘.1 e , }

T
XN PN VN,

e e r R A N T P £t m S P P il
Ot { Q LY. P ,
St T TRt VSN DY



Optical configuration:

e Collection angle of 30°
Transmitting lens = 495 mm
Waist diameter = 300 m
Fringe spacing = 13.6 um
Collection F# = 5

The high voltage to the photomultiplier was established with a
droplet string of diameter 100 ym.

The size range of interest was 9 to 92 ym.

A spray of droplets with primary diameter of 53 ym was then pro-

duced using the Berglund Liu with a flow rate of 0.21 cc/min and fre-

quency of 45.8K Hz and the dispersion air. For the conditions selected

s

above, this size will produce a visibility of 58%.

Notice that for primary droplets of 53 um, the droplets will have
a diameter of 2!/3 x 53 = 66 um, and the triplets' diameter will be 31/3

X 53 = 76 ume

Results are shown for both Visibility/Intensity and visibility

only to provide some comparison.

Figure 6 shows the measurements of the monodispersed spray of
53 yme.

Figure 7a shows the data of the spray formed of primary droplets
and doublets.

Figure 7b shows results similar to Figure 7a but obtained with
visibility only. Notice how much broader the distributions are.

Figure 7c shows a spray containing primary droplets, doublets and
triplets.

RO M X AR

Figure 7d shows results similar to Figure 7c but obtained with
visibility only. Notice that the distribution is broader and the
resolution is not as fine.
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Both the accuracy and resolution of these measurements are very

mr

iy good. The theoretically predicted sizes are 53 ym , 66 ym, and 76 um. Ky

The corresponding measured diameters are (52 to 54), (63 to 65), and

Lo
%‘y,r{'?

7 3 ulle s

S
o S | |
E %‘z "r-s'

N Larger errors (about 20%) can be expected when measuring the size

ﬁ at a higher visibility (80%).
N
" Conclusions

The simultaneous measurement of visibility and intensity to

e
|22
P

‘: measure and validate the diameter of droplets in a spray is shown to be fi&
‘5 accurate and with high resolution. This technique extends the use of £.¢

Al
*- the visibility technique to more realistic environments and will avoid ﬁ :'g'z'
{ erroneous data by being selective during the data validation process. . ﬁ:é
é Since many of the erroneous data are the result of high droplet §i éég
-, L

concentration, the percent of signals rejected can be used to establish

«
e’
ey

o the limits of the technique.

¥

& OO
0 ) ?'x
:‘ An automatic calibration logic used to establish the gain of the ﬁ :‘.;;.
) (%
o )y fe
* photodetector makes the technique self-calibrating. i;

|1 :
% The technique, however, suffers of two serious limitations: gﬂ §§
i s
! |
N first, it only works over a narrow size range of about 10:1; second, the E§ ﬁ:;
R/ !
. e
s rejected data may bias the size and velocity results. A
.4 ;E ﬁgﬁ
' “

'
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. 3.2 The IMAX Technique ' -
g ¢
ne et
‘;::. g i
A!_:._ A technique for measuring nonintrusively, and in real time, the R g«f
SR ot
.'." €t
v size and velocity of droplets in a spray is presented. A small beam ﬂ -
" M
;;:,; identifies the center of a larger beam, thus defining a region of almost :2*
L\ g
N '
’2‘," uniform intensity, and only droplets crossing through such a center are @ b
LN ;
“'Q‘
v measured. The size is obtained from the absolute scattered light, and _
T st "’,
'::,i the velocity from the modulated signal produced by the interferometric ﬁ ::
i
P §
pattern. A self-calibrating algorithm is also discussed. Results are a ::‘»
s V-

presented for a spray of predictable characteristics.
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* Introduction i
"y D;i.
,;:? A novel nonintrusive single particle counter (NSPC) to measure g :s'
i~ )
¥ ty
:;l.. the size and velocity of particles in a two-phase flow is described '\
:el’: ¢
v here. This method bases the size information on the absolute light I .
.’.::" scattered by individual particles crossing through the middle of a f.
)'-‘); \
oy R}
,";‘:. Gaussian laser beam. To define the middle of the Gaussian profile, two g N
XX
A'A .
A laser beams of different diameters are crossed such that the small beam R
. W
. n‘ i
R‘l intersects the middle of the large beam. Thus an interference pattern Y 2{
i . H
gi of fringes is formed in the crossover, defining a region of almost uni- .:ﬁ ;
A i IS
id form intensity in the large beam. Both, size and velocity information
.'::; can be obtained from signals exhibiting adequate Doppler modulation. An Sa
ehy
n
::EE: alternative method consists of crossing two small beams of a given wave- \
y §
o length in the middle of a large beam of a different wavelength. NSPC's
R [Ky
:a,t ‘-’._!
L3
o h
_:,.l'w
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find application in many areas where the spatial resolution of size and
velocity distributions is needed. For example, fuel spray studies, aer-
osol studies, flue gas desulfurization, spray drying, paint sprays, and
sizing biological structures. They are also very useful on in-line mon-
itoring and quality control systems where no extraction of samples is
desired.

Several NSPC's using absolute scattered light have been proposed

and they can be divided into two groups. In the first group(1-3)

A e R R B PR

Gaussian laser beams are used and various mathematical inversion tech-

niques have been proposed to extract the true size distribution from the

%

signal amplitude distribution. Several assumptions are needed to per-

355

form such inversion, such as assuming the form of the size distribu-

tion(l) or a uniform average velocity for all the particles regardless

of size(z). A method to account for the loss of collected light due to

I

particles partially masked by a pinhole has also been described(3). The

[

second group of NSPC's uses a probe volume of known illumination to

avoid the ambiguity of particle position. The technique described here

falls in this group. Several approaches have been proposed(“-7) to

2

accomplish this task. Apertures are used to cut off the edges of the
Gaussian beam and thus image a probe volume of almost uniform illumina-
tion(“’5). One of the apertures(“) had, in addition, two wedges that
when properly oriented can be used to obtain the velocity vector in two
components (magnitude and direction). Ring-shaped probe volumes have
also been produced(e) by a TEMjy, laser and a ring-shaped aperture. The
measurement volume is defined by the intersection of apertures in front

of two photomultipliers. A method(7) very similar to the two-color

228615F32/14
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method described here which evolved independently has also been used.

Four beams of two different colors are crossed forming two fringe pat-

‘; terns of different size such that the small fringe pattern is in the
¥

m\; hd

§
L
o middle of the large one. To extend the dynamic range of the visibility
gag technique, they used visibility to cover part of the size range and !!
R
it‘«:““
;:is intensity to cover the rest. The term visibility refers to the ratio of Eg

the modulated part of the signal to the pedestal of a Doppler signal.

Some of the differences between the latter method(7) and the one

- -
o,
I
e
=
R
s
s
b

&4& reported here are:

o
=

M 1) The technique reported here is based on a single color, and the >

;ﬂp~ two color system uses three beams instead of four; ;5 y

9"; - -

,ng; 2) Visibility is not used to obtain part of the size distribution; -

s ﬁ
3) Visibility alone cannot be used to calibrate attenuation, since

O the very attenuation reduces the fringe visibility and randomly

?%ﬁ modifies the phase of the be?mg. Instead a combination of visi- 3Y

H“& bility and intensity is used‘8’/ to establish the validity of the

W .

ot signal and calibrate the attenuation.

3

'“ﬁﬂ The mathematical model presented here is for spherical particles

o
-
-
-~

b much larger than the wavelength and we use diffraction, refraction and

reflection to characterize the scattered light(9). This results in

;%ﬁg’ closed form solutions of the dynamic range and error.

Koy )

§ V‘l i 5

,}<y Results are presented for sprays of known characteristics.

Problem Statement

ZAEI: ==
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gt The method discussed here bases the size measurement on the abso-
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lute intensity scattered by the droplet crossing the probe volume, and
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the velocity measurement on the classical Doppler signal. It is
referred to as the IMAX method. In situ single particle counters are
limited because of the nonuniform profile (typically Gaussian) of laser

beams. Under this condition a particle crossing the middle of the beam

- S5k e

will scatter more light than a similar particle crossing through the

edge. Therefore, the relationship between size and scattered light is

S

not unique.

To circumvent this problem, two beams of unequal size are crossed
such that the small beam identifies the middle of the large beam and
therefore, removing the Gaussian ambiguity. Laser beams are chosen
because of their spatial and temporal coherence and because'of their
size. These beams will interfere where they cross and a fringe pattern
will be fofmed in the middle of the large beam. Signals exhibiting an
ac modulation will have crossed the fringe pattern and therefore,
the middle of the large beam. Both size and velocity of individual
spherical particles can be extracted from this signal.

At least two approaches can be used to implement the above con-
cept. The first consists of crossing two laser beams of different diam-
eters but with the same wavelength. In the second two small beams of
one wavelength cross in the middle of a larger beam of another wave-

length. These approaches will now be explained starting with the

second.

Two—-Color System

| 1
Figure 1 illustrates the probe volume of this method. A spher- % a

ical particle crossing through the fringes will also cross through a ‘QQ
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region of almost uniform intensity of the large beam. The ratio of the AL

two beam diameters will establish the uniformity of the intensity inci- )y

%5

dent on the droplet. Mk,

If we refer to the small beam as 1 and the large beam as 2, the o
intensity profiles in the probe volume can be spectrally separated, and
given by:

41rxsin(l)
27, W e

3 s IR
-
S
=

and
I, =1 exp[- ——z-(x2+y2)] . (2) o

2 o, bZ ut :

%2

Where Io is the center intensity, y is the intersection angle, b, W

the waist radius, )\ the laser wavelength, and x,y,z the coordinates. N
The z dependence of the large beam is neglibible. If we also assume Y

that Wl

%ﬁl

4
l"%!"
DA

n?qg

s

%l = 0 (which is an excellent assumption since a pinhole in the receiver ,:an
(K

will limit the value of z), the intensity scattered by a spherical par- pes LYy

ticle is given by:

A
Ll
[}
~N
[a]
o
°7<
A,
~N
®
»
o
—
o

§ )(x2+y2]](1 + cos 2 Efi V), (3)

% W

i
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and 5 bﬁ

L= 1 Kk dew [(- 5 )(x")] () E.:“i
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‘.’\\' '
S ;

e
S 1 2 2 !
R Ko = —» f {[e (8,n) D(8)] + [°(8,n)D(8)] ;
JELE 4r Alens refraction reflection -
:
)
2 3
J1 (osing) h
+ [ }dA . (5) b
sin“9 diff. d
‘ﬁf K, is a scattering coefficient, D is the divergence, n the index of ;

lgﬁ refraction, ¢ the fraction of energy for every ray reflected or

IR

refracted, d is the diameter of a spherical particle, V is its visibil-
N ity, (defined as the ratio of the modulated signal to the pedestal) r
7;% the distance from the scattering center to the collecting lens, and 6

the collection angle measured from the forward direction. It can be

o ¢
{qg shown(g) that the contributions of these three terms is a function of ;
'I"\’l e
LK) k i
{fgﬂ angle. To keep the following analysis simple we will choose a collec- 4
'r““i ’

tion angle 9 of 30°. Assuming that the solid angle of the collecting

*hqﬂ lens is small with respect to § we can then compare the intensities g
Yoty \
i"t“ .

it scattered at the discrete angle 6.

The refraction or reflection terms are given by:

g i
e g
Ls;i: 1 2 ZD “ NI
‘:r:{ R- € ’ & L
‘i;‘:!, ‘,{: ol
e and the diffraction by: o .
.o;l:D 3
v:": '\ :
" 2 2 &
- x
e 1) — J] (osing) . :

sin 9 v,
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where a ,.{Q is the size parameter, and Jl the Bessel's function of the
first kind. Reference (9) shows that for S polarization:
i(refraction) = 1.0375 az

i(reflection) = 0.0785 az
and it can be calculated that

1p(a) < .088 o> for « > 49 (d > 7.6 m).

At this angle the combined reflected and diffracted light repre-
sent 16Z of the refracted light. Which implies that in general the
three components must be taken into account. It is assumed that the
collecting lens is in the plane of symmetry of the crossing beams. The
above equations show that the scattered light intensity is proportional
to the square of the diameter of the sphere. This approximation is only
valid for diameters larger than about 10 wavelengths. Note that the
angle 8 (deviation of incident pencil of light) to an arbitrary position
of the lens is different for both beams (except on the line of symmetry).
However, the integrated value is the same as long as the collecting lens
is in the plane of symmetry. In this technique the ac modulation of Isl
is used to establish detectability of the signal and to measure the
velocity. For a given threshold level, (minimum ac signal accepted by
the electronics) the larger the dynamic size range, the farther from the
center of the beam the largest particle can cross and still exhibit ac
modulation and, therefore, be detectable. This will introduce an error
in the measurement as will be discussed in the next section.
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The peak to peak ac signal is then given by:

2 2 yp.2,2
Iacl =4 IolKolVd exp [(= =) (x"4y")]

%y

42

= = BRX

and the pedestal is given by:

_ 2
= 21° l(.o d"exp

171

Note that the pedestal is simply the sum of the Gaussian inten—

sities without interference.’

i)
ii :
%

Dynamic size range and error analysis

There are two known sources of error in the IMAX method. First
is the error introduced by beam blockage produced by other particles in
the trajectory of the beams and scattered light. This one is difficult
to quantify and will be discussed with the results. Second, since the

small beam has a finite diameter the particles can travel a small

m

distance away from the center of the big beam and still cross sufficient

atal

fringes to be detectable. The farther from the center it can be detect-

able, the larger the error it can produce. It will be shown here that

i |

this error increases with dynamic size range, and decreases with ratio

-2

of the large to small beam.

The dynamic range is limited by the electronic and optical noise.

."J;J?

In general, we can establish that there is a threshold associated with
the minimum processible ac signal, and a saturation level associated

with the largest signal processible by the electronics. All the signals

228615F32/14
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s
accepted by the electronics must fall between these two limits. Equa- SIS
tion (6) gives the peak to peak ac signal. Notice that both the diam- ':43333"*
eter (d) and the visibility (V) influence the above expression.

v
To simplify this analysis we will neglect the contribution of ittty

M o

diffraction at a collection angle of 30°. This assumption is reasonable R by

for spheres larger than 7 im where the contributions of reflection and

"%
.

diffraction are less than 16%. The dynamic range is actually larger
when diffraction is included. 2"15;‘

The minimum processible ac signal is produced by the smallest
particle (with diameter d; ;) crossing the probe volume at y = o and sl

crossing the minimum number of fringes required by the electronics

sk RS 299

-

P
O
e P
-
e
-’._._‘

(x =b_ ).
| °1
g 2 -
| ﬁ Therefore, Iacmin = Z’Iolxoldmin exp (-2) where it has been
-
’ assumed that the visibility of the smallest particle is 1. ,:::3:2;
o ke
ﬁ The maximum ac signal is produced by a droplet of diameter d ;EE:.‘::
- gt
r‘"&
! (not necessarily dmax) and visibility Voo ey
Y
it
2 2 .2 2 R
g L. =64I K a4V exp [(-—5)(x"+")] . (8) s?;‘g,q,:;
max 1 1 b "}‘\jle
o, Awh
St
g The farthest from the center this particle can be detected is when: &{.
k" {3
r 4_‘\?
3 I =1 1T
2& 3Cpax 8Cnin iz '

and it crosses sufficient number of fringe (x = bol). Therefore, '

s
P
5.

2 2 .,.2 2 e

o, %o %" o L1 ;_2_) (bol+y2)] ) uolKoldmin exp (=2) . .
(o] A 'I‘
1 N
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Solving for the size range, we obtain:

P =5

2 2
Z(bo +y7)

d
2 - 1
0 )2 = expé 2) exp | 1 ] = 7 exp (
o

min o b
°

(3

R

533

PO K, )

The error in the size will be due to an error in the intensity scattered

¥
i
i

by the large beam when the particle crosses at y > o (notice that the

P A A

particle must cross through x = 0). If we state that the large beam is

m times larger than the small one,

o |

To simplify the error analysis, let us assume that the optical param-
eters are chosen such that for any size range the visibility of the

largest droplet is larger than zero.
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Then the maximum ac signal is produced by a particle of diameter AL
d, = 0.626 dpax and its visibility is 437%. ! z

Substituting these values into Equation 9, we obtain:

P
-

The maximum errors resulting from the finite size of the beams can now “%ﬁ:
be presented in tabular form. gi%&
\ (]
I e
2y’ °2 o
m dmax/dmin bi ‘;-12(2)— max error ‘:':.'!
1 2 72 L'ﬁg
S0
, 7 10 2.82 .94 3% e
DA
ﬁ 7 20 4.21 .92 4% Vs
7 30 5.02 .90 5% G
¥ %
+$ Y
i% 10 2.82 .89 5% ‘¥ g
ae
. L ot
| 20 4.21 .85 8% :ng
' 5 30 5.02 .82 10%

Single color system

Figure 2 shows a schematic representation of the probe volume

formed by crossing two beams of the same wavelength but different diam-

e Y e

eters. There are several fundamental differences between this and the
two color system: 1) Fringes are formed everywhere the large and small
beams mix; 2) The pedestal of the iarge beams can not be spectrally sep-
arated but electronically filtered. The intensity distibution of either
beam can be expressed as:

228615F32/14
-34-

e o e &

1,

DA OGO s 3 33 HEREANTY "W TN ‘P" ‘\3.? A b
S ':‘""Jan‘\“r*&.'i!"-‘\.v_.l‘-h?\‘-iﬁ‘-». ’,‘li\.L’q‘i‘n?\%’l‘.?l‘x’l"" t?“# () .i."!, 0,“., R .‘5.'a l,."!“ !. () ‘! “ X

%

B LN »
IETE S ."',‘el.‘
T IARTAN

VAR IR LIRSS )Y

Pt 3

0,



P

-
oot B

Nl ==k
e, )

o K
Ee

A

SECTION A-A
(MAGNIFIED)

Technique

max
. o e 1,

i

Boxs

L]
=
o

—
o]

(&

|
Q

—t
0
=}

o -

[72]

U4
o
L]
E
=

L)
O

=
[}

s

)
M~

2]

==

LASER BEAMS
Figure 2.

s,

| e .

e == KBS

P vars G

Vi 3 ' DN W LR RS LR E VR LV G OGS e s
'tfh‘“'“"fﬂ%"tftaeftiu«‘!Hﬂ"hﬂhﬁhe “\t o WU &~3dihﬂhﬁh§hﬂkhhs,&ﬁ?ﬁﬁtﬁn'



| =g

“a
.

%

»
v

X TR O == RO

~ -
- e

2 2. 2
= I exp [--;E— (x"+y")] (11)

and

2 o

I, =1 exp [- =2 (x*w?)] . (12)
2 b

%2

The intensity scattered by the spherical particle can be expressed by:

I =1 +I +2/1 I cosgsVv
s s 'S, sy S,

where

I =1IK d2 ,
] o

B is the phase angle, and again it is assumed that the collecting leas

is on the plane of symmetry of the two crossing beams. The pedestal is

given by

and the peak to peak ac intensity:
I =2/I IV {(cosg=1)=-2/T IV (cosg = ~-1)
ac s, 8, 8, 8,

=4/T 1 v .
8) %2
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That is, )

. ) '
e
" 2 2,2, 2 2 2 2.2
o, P=1I Kd exp|- —Z—-(x +y7)] + I, Kd" x exp|[- —— (x"4y )], ﬁ
::b 1 b 2 bO
e (13) °1 2
nh 5
W
'e‘: and 33
;

. (¥

2,2 2,2

K I =4k/T I da®Vexp [- () [x *X—]] . (14)
W ac o 0, 0 2 2 A
oty 1 72 b b
nle o o o
i’l"% i 2 .
:‘"'! | N
o Following the same approach as before, and again neglecting the contri- ﬁ x
“::;:E bution of diffraction for the off-axis collection angle. If we let m = 2
1
o ;3

b°2/b°1 , we obtain:

) ‘i
gt § :
" 2 1 ;
A = -] - — S
Z?$ Iacmdn 4&0/101102 d i, exp (-1 mz) , (15) :
i ¥ &
v W IE
g
bR (bcz) +y2) (bi +y2)
L I =4k /T T a2V exp [- 1 -1 ] « 16) o
R ac o o,0, O O 2 2.2 ,
"oy max 172 b m b Y
B (o] o :
o 1 1 3§
I | f .
é":"v‘ Al BN
U The variation in y will result in an error of the measured pedestal.
i:::l If we can assume that m is large, then the pedestal of the large beam % '
¢ &
;’.’.!.“
:;‘z can be recovered by electronic filtering and it is given by the second B
) % N
Lﬁ' term of Equation 13. This variation in y is obtained equating 15 and ¢
:L;_.' 16, and we obtain X
s"‘ ¥
a:‘:’: "l
B ’b2 2 |
e 2 °1 o 'o 7
"ot y = 5 n ( 2 ) . (17) ﬁ it}
m +1 d
e min Nl
b ()
e ﬁg )
A .
;‘A!“ . ‘.i
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The error in the size will result from droplets crossing the pedestal of

the large beam at x = o and y given by Equation 17. That is:

Is2 -2 2
— e [55] . (18)
IO Kod m bo

2 1

Making similar assumptions as before:

vl 50 M 25 R 2 R

d = +626 d and V.= 0.43
o max o

2 2 2 dmax 2
§ P —Z—ZL = 2— an [.1685 (d ) ] . (19)
m bo m +1 min
1

-, Y

The maximum errors resulting from the finite size of the beams can be

x5=

presented in tabular form:

I
Zy2 82
ﬁ d__d n2b2 1k 4%
m max/ min o, 0, o, max error
; 7 10 .113 .89 5%
% 20 .168 .84 8%
7 30 o2 .82 10%
| @ 10 .22 .80 10%
) 20 .32 72 15%
i 5 30 .39 .68 18%
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It should be pointed out that the technique discussed here bases
the detectability of the signal on the modulated or ac part of the scat-
tered light. It is, therefore, important that no zeros are present in
the visibility function. There are two other aspects of the theoretical
foundation upon which this technique is based which need to be taken
into account. First, SPC's based on absolute scattered light require
calibration at one datum point. This calibration can be difficult when
measuring dense sprays and a method to obtain automatic calibration is
discussed. Second, provision must be made to account for the dependence
of the probe volume as a function of particle size. These two algor-

ithms will now be discussed.

A Self-Calibrating Algorithm

The algorithm is based on measuring the visibility of any size
class droplet. Combining the visibility and 1ntensity(8) of the signal
a very accurate measurement of the size can be made. Knowing the size
of the chosen corresponding visibility one can then establish the ampli-
tude of the pedestal of this signal by adjusting the gain of the photo
detector. The logic is as follows: for a given visibility (chosen in
the most accurate region of the visibility function) there is an associ-
ated size and, therefore, an intensity scattered from the large beam.
Since the intensity of this large beam is almost uniform the scattered
light associated with the chosen visibility will be almost constant in
the absence of errors in the visibility. There are, however, errors
associated with measuring visibility in a dense spray and these points

are rejected by V/I(a). The process is an iterative one where V/I is

228615F32/14

P
ERWLE YA R

PR, o
TEAt s GO0
CODUOLRIRE i N O

el
L ]

==

-
s

24 ==X

Py

o JOC LD B o Cot X 1 T A AAARA A0 T o
;,' V;Q?"J ,;«3‘7 . i n_"i‘ﬁ XN -‘ " » jq ) ¥ 8N .’.‘! n“"-‘t”ﬁ.\';:‘i‘a“ : AE.‘ h"



B ElE 55 B

T
_

"
-

o -
-

=7

R xp B

SRR AR T NN PN
AT

BL R AN IO S PN %
NS I ARSI *!i-‘lqs‘:"“eih'll":',-""?“”

implemented by choosing several narrow intensity bands to establish
points out of control. The gain to the photo-detector is adjusted until
the majority of the points fall in the pre-established intensity band

corresponding to the measured size.

The Probe Volume

The dynamic range exercise indicated that droplets that scatter
light with large modulation are detectable over a larger region than
those that scatter light with little modulation. As a result, the probe
volume or region of detectability is a function of droplet size. Algor-
ithms have been presented(lo) to define the probe volume in LDV type
systems. A very simple algorithm will be presented here for the two
color system and off-axis collection.

Notice that only the small beams define the probe volume in this
case and, therefore, the probe volume will be a standard LDV type
volume. The approach followed will be very similar to the one described
in Reference (10).

There are two signal levels imposed by the electronics: the
saturation (Imax) and the threshold (Imin)' The intensity to the peak
of the ac modulation (Ipeak) of the largest signal must be less than
Imax’ and the smallest detectable signal mist be larger than Lnin

(defined peak to peak).

2
Ipeakl ZIolKoldo (l+V°) < Imax . (20)
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o e
. where d, produces the largest signal within the detectable size range, F ] .
,; and V, is its corresponding visibility. I' ?;
J; <7y
o g s
X B
ML Solving for I01 we obtain: W
. a t
a4 1 R
i 1 = ——38x : (21) it
1 2K d° (1+V) g .
S 0,0 o B
;% This expression can now be substituted in Equation 6 to obtain: §§ ;;
e [}
N: &
s B
8 22 v 1__ 2 2 2 ¥
! L, =—5——exp [(-5)(x"»)] (22)
- ac 2 2
1 47 (1+v) b -
) o o o e
LX) :
gﬁ and the detectability criterion establishes that Iac > Imin and that ;§
iy 1 N
A sufficient fringes are crossed. If we assume that the number of fringes ﬁ "
"W processed by the electronics is equal to that in the waist diameter,x = bo . ﬁ
) 1 o B
;"" ) 'yt
E‘.‘ m .
1»"” ’,‘
4 "
i s
Solving for y in Equation (22) we obtain: i ‘
l";, 2 ":
¢ b 2 + a Ry
4 Af- Ly oo ‘291 fi_zgl] - b? (23) "
- y 7 2T T4 v o, °
max 1
o & XN
s . :;,
,% The cross-sectional area of sensitivity for an off-axis pinhole limited , :§
. '
.\;," g “'zi
e signal can be approximated by: e
» l’ R‘ O-Q.
5 "
b 2Dy f & ¥
.:'-. = 1 ‘...
0 M= 51ns ", (29 "

0 2

[ 2=d
i
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where Dp is the pinhole diameter and f;/f; determines the magnification
of the receiving optics. The effect of the pinhole and the coordinate

system are illustrated on Figure 3.

As seen by Equation (23) and (24) the area of detectability (in
the yz plane) is only a function of droplet size and corresponding visi-

bility. This area can now be normalized and provide a weighting func-

mrr Y B i B2 B

tion to size distributions otherwise biased to the large signals.

This weighting factor is given by:

P

% wa) =24
max

w2

3

The number density of any size droplet can also be calculated by

dividing the number of counts of the given size by its corresponding

|

sampling volume (SV).

The sampling volume is a cylinder with cross-section A(d) and

I

length equal to the droplet velocity (U(d)) multiplied by the effective

sampling time (T).
M
That is SV(d) = A(d)U(d)T, and T =TS - 3 N -cDi - Mro ’
i=]
where TS is the total sampling time to collect M samples, N is the num-

7R

ber of fringes, rD1 is the Doppler period of sample i1 and T, is the pro-

cessor's dead time after every sample.

The number density of size d is then given by:

<< I N8

- N(d)
ND(d) Amaxu(d)T ,

(25)

where n(d) 1s the raw count of size d. ;EHQ?

228615F32/14 el
-52' t‘g;.‘i,\‘

ﬁ.:ﬁ.
- “ Ld

o } ’ 3.;? »

AT TR TRy P g AUV SR, TS TG s AV, 60, RN Wy W Uy W W Y, 17y T 0% R T Ty 4T T Wy 0 () gt h OO I AMTOEMASYL AP
IR O T T e tl‘~‘s‘g‘|';'\‘y'3’»'ﬂ’s't":hsi?**‘fi‘tfl'efl'-.0'!f'*4:"ct‘?&f‘?ze‘!(2"&?‘?%:":"!55"€p"l?"c"leT‘”> e b

i




v
K "!
!vv‘\t‘ H
. ¢
CFH-19
o o
“ B !
- -, 4 '
S )
! .
]
ﬁ |
N
&“‘ief-! W, /
,i..r,: 4
_“»';, E‘
‘ol ¢
"
Lt g
5 Q‘ ‘
e '
B § ;
1
[ .
;‘Z‘ :‘ ’ t
ek ‘
:Q‘-;:.“ )!.
LOAN 4
‘e:.'o ﬁ
LR
[ 3 :
b a It
ey o
N )
1:€ o
W S
sftﬁ 3
!’y :
st 1
v
i
4
¢
]
t

q‘;‘n‘; g
¢ i i
‘J:‘:i ;
Uiyt .
‘i.ﬁ!'?- !
§ X t
LA )
Nt vy \
", “nq‘., ()

i <
e
e FIGURE 3. SCHEMATIC REPRESENTATION OF DUAL BEAM PROBE
i VOLUME LIMITED BY A PINHOLE.

-:'
-
:‘.

.:

4

¢

-

]

K )

ﬁ )

‘,’. A

j;":q . A,

R '; o
)
A
[RI

o 5

| i

(Y N

e I

P ; A AL L A I A Sl O (] DAL /AN O W

L i L L PN R L T [}
i i O TR




s

- s 255

Yo
»

cex

R mEE XN

|12

e 2R

Description of Apparatus

An apparatus was designed and built based on the concepts pre-
sented earlier. In its simplest form this apparatus consists of:
1) Optics (transmitter and receiver); 2) Electronic processor; 3) Data
management system (data handling and output devices). Figure 4 shows a
schematic diagram of a two-color breadboard optical system. An argon
ion laser provides the light source. The beam colors are separated by
the dispersion prism and two of these colors (the 5145A shown by the
broken line, and the 4880A& shown by the solid line) are used to define
the probe volume. A beam expander formed by lenses Ll and L2 define the
beam ratio parameter m. A compensated beamsplitter splits the blue beam
into two beams and the transmitting lens L3 focuses and crosses these
two blue beams in the middle of the green beam. The receiving optics
use a dichroic mirror to separate the two colors of the scattered light.
The probe volume is imaged on pinholes in front of two PMT's and inter-
ference filters are used to perfectly separate the two colors. The out-
puts of the two PMT's are then inputs to the electronic processor.
Figure 5 shows these outputs for a series of monodisperse droplets.
This electronic processor consists of two major components: a frequency
counter, and a pulse height analyzer. The frequency counter uses the
same principles as an LDV processor, and in this case it is a modified
VP-1001 (SDL). The output of the blue PMT is the input to this proces-

SOT.
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Its functions are:

WP

o l. Establish the threshold (Imin)'

2. Measure the time of N fringes with L . > I,
i 3. Regulate the PMT high voltage, and S

--,
-.D»‘
.
-
- e
=35t

4, Bandpass the signal to reduce unwanted noise.

=1l

kN The output of the green PMT is input to the pulse height

o]
PR
a‘(‘.“

analyzer. As can be observed on Figure 5, this signal has a simple

AN
K § ‘i‘l
;ﬁ‘ Gaussian profile as given by Equation (4). This pulse height analyzer ¢ 55
4 R
ﬁz is triggered by the frequency counter when signals exceed the threshold

S
"
- -
.

(Imin)‘ It measures the peak intensity of such signal, and the valida- -

ol 4

:& tion is established in the frequency counter by measuring a preestab- .1 z ‘
Eg lished number of fringes (typically 12). Figure 6 shows a schematic : ‘,ﬁ
) t
i‘ representation of the processing logic. N "
E: The information of Doppler frequency and peak intensity is digi- \ %.\
¥ Y
? tized and two PROMS establish the bin numbers of a velocity and a size ’ t%f
Al ¢ R

histograms. A microprocessor based data management system accepts this

)
2

N information and handles the data. The data handling consists of real %

‘-

A
R

B

“ time display of the size and velocity histograms, data storage, analy- gu§
[

sis, and output (via printer or CRT). One of the programs to analyze

Y the data computes the probe volume coordinate y as given by Equa-

N tion (23). This is used to correct the data by the probability of

v v

detection. Sample rates of several KHz are possible with this system.
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Results

A vibrating orifice droplet generator was used to produce strings
and sprays of known size droplets. This generator produces a string of
droplets of equal size and spacing. These droplets can be dispersed
with external air to produce a spray of monodisperse droplets, or under
some dispersion conditions the primary droplets will collide and form
doublets and triplets.(ll) The procedure used in these experiments was
to produce a string of large monodisperse droplets to calibrate the
instrument. Smaller droplets were then produced by increasing the fre-
quency of vibration of the orifi:e, and with the dispersion air a spray
of these droplets was formed. The spray angle was about 10° and the
number density was typically 500/cm3. The optical configuration con-
sisted of a transmitting lens of 71! mm, m = 7, blue waist diameter of
100 ym, receiving angle of 20°, and receiving lenses of 300/495 mm. The
calibration point was provided by a string of 110 ym droplets produced
with a flow rate of 0.21 cm3/min and a frequency of 5 KHz. Note that
the droplet size can be precisely estimated given the flow rate and num-
ber of equal droplets produced. Figure 7 shows the measured size and
velocity., A spray of primary droplets of 49 ym (produced with a flow
rate of 0.21 cm3/min and frequency of 56.9 KHz) was then produced with
the dispersion air. Figure 8a shows the measurements of the spray of
primary droplets. Figure 8b shows the measurements of a spray formed of
primary droplets and doublets. The sizes predicted given the flow rate
and frequency of droplet generation are 49 ym and 62 ym. The sizes
measured with the NSPC were 46 ym and 57 ym respectively. Figure 8¢

extends the measurements of 8b to the presence of triplets. The
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predicted sizes in this case are 49 ym, 62 ym and 70 ym. Note that the

diameters of the doublets and triplets measured with the NSPC are

related to the primary droplets by 21/3 and 31/3 respectively.

Effect of Beam Blockage on Size Distribution

Carulnf ‘ ‘§>,‘ n 4 A 5"‘9‘- " 'P": 5"'. LN o -; » \- AN LN J
O OGS A IORESACA A RO A ACAA T AR A 5 i A0S ISR AR AGAL AL o b

The effect of spray blocking the laser beams before they cross on
the size distribution measured with IMAX was explored. A size range of
10 to 100 pym was used in this case, and the monodisperse droplet size
was 73 jum.

Figure 9a shows the measurement of the monodisperse string of
droplets.

Figure 9b shows similar results but a spray is blocking the laser
beams. Two effects can be noted: the peak of the distribution dropped
to 69 ym (5%) and the spread of the distribution is +5 ym, =7 ym (+7%,
-10%), to the l/ez. It should be noted that once the high voltage is
corrected to account for the beam blockage, the broadening should have

very little effect in the distribution of a polydispersed spray.

Conclusions

This concept extends the well-established laser Doppler velocim-
etry to allow the simultaneous measurement of size and velocity of
individual droplets crossing a defined region in space. The results show
the high resolution with which the system can measure droplets of differ-
ent size classes. This is expected given that for this technique the ﬁl
resolution is constant throughout the size spectrum. The accuracy of the

system is satisfactory for engineering purposes (about 10 percent).
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Signal to noise considerations indicate that the dynamic size

range capability of the instrument can be in excess of 100:1. However,

2y i TR RR

practical limitations in the electronics and the need to make measure-

ments in high number density flows indicate that a more realistic dynamic

size range is 30:1. The capability to measure velocity is based on the

3]
ah

well-established LDV concept. The big advantage offered by this system

is the ability to simultaneously measure the size and the velocity of
gg individual droplets with high resolution over a large dynamic range.
EQ Also, it is expected that particles of slight irregular shape can

be measured with this system by collecting and analyzing the diffracted

; component of the scattered light.

S )
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3.3 The IMAX Apparatus

- s e
2%

In this subsection we describe an instrument developed for NASA gt
Lewis which is based on the IMAX technique. This system is referred to
as the Advanced Droplet Sizing System (ADSS). Also in this section we b
include spray data obtained with the above system using a spray systems ﬂ

pressure nozzle TGO.3.

ADSS
Figure 1 shows the transmitter and receiver. The transmitter

houses an argon-ion laser, which provides the light source, and all the : It

= |

required optics to separate the two colors used (5145 A and 4880 &) to oty

form the probe volume of interest. The receiver is essentially a tele-

scope with two photomultipliers to collect the light scattered by parti- f)
cles crossing the sample volume. This beam is split into two via a ryh;f
beamsplitter and a mirror system; each beam is focused on the pinhole of
the corresponding PMT housing. The colors are separated by means of
narroWw band filters internal to the PMT housings. The outputs of the
two PMTs are then electronically processed and information of the size
and velocity of individual spheres crossing the probe volume is thus hﬂii
obtained. An electronic processor was developed for this purpose, and a h%
dedicated microprocessor was interfaced to store, display and analyze

the acquired data. Sample rates of several KHz are possible with this LT

R OR M 5y 3R X BR

system. Figure 2 shows the electronic equipment used for data proces- s

e
=
-
- -
-
=
e’

sing. It should be noted that the system uses a VP100l processor, and a

DY b

3. newly developed V-I/IMAX interface. sg’*::
L ' :“.%zt'
)
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Photograph of the ADSS Electronics.

Figure 2.
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‘ Spray Results '
gé: The following results correspond to a spray produced by a pres- ;
")
+ b ) S
§§ sure nozzle (spraying systems TG0.3 at 50 psi and 50 mm from the tip). 3
s‘.‘“‘l‘ ]
" These results are adequate to show trends and gross changes in the dis- g; -
i ".’ N P
ﬁbﬁ tributions. However, considerable transient variations were observed in S
H
l.‘l:.'\ PPN
ﬁbﬁ: both the size and velocity distributions. These variations were the {& Y
e M
Y result of changes in the spray pattern produced by the above mentioned
ﬁ§? nozzle. Simple visual observations of the spray pattern indicated ;5 i
R \
{ﬂﬂ: changes from conical to flatted sprays. :
oy @
4 f"i;-' .
The first set of measurements are shown on Figures 3a, 3b, 4a and
}3? 4b. They were made at a radial position of O and 10 mm. Figures 3a and &
q“‘ 1!‘ b o
(3 1
f:::',é 4a show the raw data while Figures 3b and 4b show the probe volume cor- ;

rected data. Comparing the raw and the probe volume corrected data it

&
>
:

iﬁﬁ; is quite apparent how signal detectability influences the number of

- -

'

o

i

s
v
[
—— -,

LI
) = Sl

counts in the histograms. For instance, the ability to detect a 25 um
droplet with a size range of 20 to 200 ym is much more limited than with
éﬁﬁ a size range of 5 to 50 ym. This change in sensitivity is what the
probe volume is all about and it is characteristic of any optical tech-

nique (for instance, in photography the data rate mst be corrected by

ﬁéV the depth of field). }
29¢, \
&52 The trend shown in Figures 3b and 4b is the expected one. That o
Ry ‘::p
¥

is, there are more small droplets in the middle of the spray than on the

‘: 3 edge. ﬁ
el s ""
:%%r In order to test the resolution of the system, data were obtained

v O E
P using three different size ranges: 5 to 50 ym; 10 to 100 ym; and 20 to

oy

}ﬁg 200 ym. This is one of the most difficult self-consistency tests R
" Y
908 2228615F33/33 .
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l imposed on any technique, and most available techniques will show a
shift on the predicted data. IMAX shows excellent matching of the data

in the overlapping region as illustrated in Figures 3b and 4b.
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. 3.4 The PIMAX Technique

!::Q PMAX is a variation of IMAX where two polarizations instead of

b 3

:":": two colors are used. That is, two beams of a given polarization cross &

"'t, N

i in the center of a larger beam with normal polarization. This technique

2,;.§ was studied experimentally, and the results were compared to the theo- a

'-."."i

Aty

KN retical predictions. "

v)‘.‘l ¢

A )

tyd

ve. It was found that it was almost as good as IMAX with some

' crosstalk between polarizations which for the most part could be @ :‘

1 e

k) [ W)

4 k filtered out. . ",

R 2B

" The obvious advantage of PIMAX is that it requires a single color -

’:;5} laser (which is smaller and cheaper) and simpler optics. J:.; g‘
B e .
R, . g

‘é:" In this subsection we discuss the experimental apparatus, the ga

probe volume size, and spray data.

LA,
|
> e

i3 g
'3 Apparatus and Experimental Facility .
‘:g-'“ Figure 1 shows a schematic of this optical system, which consists —

, i
"::::‘ of a transmitter and a receiver positioned 5° off axis. The transmitter .
::;;:::" uses a 5 mW He-Ne laser which is focused on a diffraction grating (DG) ﬁ
:":: by lens L;. The zero order beam goes through a beam compressor formed
T::? by L, and L; and its polarization is rotated by PR. Lens L3 focuses and §
:::::: crosses all three beams to form the probe volume. The scattered light %
- is collected by L6 and focused onto the photomultipliers by L;. A cube .
:,:‘; polarizer (CP) divides efficiently the scattered light into its two ;:E :
i:,l polarization components. In addition, a polarization filter was placed s
Aﬁ in front of the PMT which looks at the big beam (BPMT) to reduce the
;;i crosstalk between the two polarizations. .
@ A
::: 65— 228615F34/20
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Figure 1. Schematic of PIMAX system with compact transmitter.
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The outputs of the photomultipliers are input to an electronic
breadboard which measures the Doppler period and the peak intensity of

each scattering center.

Experimental Determination of the PIMAX Probe Volume

O B O OO OAIGLOAN 0 ' v o
T g A A N R A TR RO R

Optical probe volumes with nonuniform intensity distribution
droplets that scatter light with large modulation are detectable over a
larger region than those that scatter light with little modulation. As
a result, the probe volume or region of detectablity is a function of
droplet size. The derivation of the equation that relates the size
dimension y of the probe volume to the droplet diameter d is given in
the previous subsection. This equation restated here, is now experi-

mentally verified. It is given by:

2
-b . 2
0 I d 1+V
1 min 0 o 2
y < 7 2“[21 ( d) ( v 1] -bo
max 1

To experimentally measure the y dimension of the probe volume in the
scattering plane'and perpendicular to the transmitted laser beams, the
Berglund-Liu droplet generator was used. This produced a steady and
stable string of monodispersed water droplets. The droplet generator
was mounted on a precision x~y micrometric traverse so that the droplets
could be positioned anywhere in the probe volume. The orifice of the
Berglund-Liu generator was placed as close to the probe volume as
possible to minimize errors due to wander of the string of droplets;

data was also repeated several times to further reduce the errors.
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A very difficult part of this experiment was determining the edge
of the probe volume for any particular size droplet. Theoretically, the
edge of the probe volume is calculated by the expression given for y.

Experimentally, there is a region near the edge of the PV where the rate

of acquistion drops off. That is, some of the signals (droplets) are

4

processed by the electronics and some are not. The electronics impose

¥

a

an upper limit on the data rate of about 6 kHz, while the drops can be
generated at a frequency of up to 60 kHz.

In defining the edge of the probe volume the data rate of signal
acceptance was observed. One criterion corresponded to the location
where the data rate dropped to about 90% of the maximum rate. Another
criterion corresponded to a data rate very close to zero. Notice that

in principle all the measured droplets are identical and traveling

R i BRx =3

exactly through the same trajectory. Therefore, the data rate should be

either zero or have a fixed constant value. In actuality the droplet

WK

trajectory can change by a few microns, therefore, causing some droplets
to cross inside the probe volume while others cross outside. In addi-
tion, the droplets could vary in size, although we have no evidence of
this.

The droplet generator was traversed from the position of peak
intensity to the position of 907 data rate, and then zero data rate.
The respective relative movements were recorded in each case. The 90%
data rate corresponds to a conservatively small probe volume referred to
in Figure 2 as Ysmall® while the zero data rate corresponds to a conser-

vatively large probe volume and is indicated as Ylarge® Also shown on

B & & XN = I

Figure 2 are the average of Ysmall and Ylarge® and the theoretically

228615F34/20
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predicted value. It can be deducted from this figure that there is a
good agreement between the theoretical and the average experimental

values.

Polarization Crosstalk

The accuracy of the PIMAX technique can be reduced if the scat-
tered light is elliptically polarized and the polarization separators
are not efficient. In a two—color system the separation of the colors
is trivial and the problem of crosstalk need not be considered. There
are several reasons that can unpolarize the signal, therefore, reducing
the separation. They are: 1) particles disturbing the laser beam;

2) scattering plane can be at an angle other than 0° or 90° with the
incident polarization; 3) polarization separators are inefficient.
Several tests were conducted to establish the reasons and level of the
crosstalk. This crosstalk was shown to be very small in the PIMAX
system accounting for about 3% error in the particle size and have no
measurable effect in the velocity. This error could be virtually
eliminated by placing the receiver on the plane of the laser beams, thus

reducing the ellipticity of the polarization.

Experimental Results

Pre-Calibration Procedure

DEOAOACAOADEENOADRIABA A W ADNIRLR AN SRS L AR S S
e S K 2 ‘."EJ,,T;-‘;’x',;'z‘..'i_’»ﬁ« )

The calibration of the PIMAX relies on the accuracy of producing
a reference size droplet. These droplets were produced with a Berglund-

Liu generator, and their size could be predicted knowing the flow rate
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R and droplet generation frequency. To test the accuracy of the Berglund-
Liu generator the droplets were also photographed and their size
b obtained from a magnified negative. The droplets were measured with

U PIMAX before and after photographing them to insure consistency. The

i§$ procedure for this experiment was to first produce a string of large gs
::%:.:i monodisperse droplets to calibrate the PIMAX system. These large mono- '&
?aﬁ: disperse droplets are normally formed by smaller, unstable droplets

-nﬂh colliding into each other in the first 2 cm of the droplet string. §2
§§é Smaller droplets were then produced by increasing the frequency

?&? of the orifice vibration. These were stable and monodisperse at the

.'e;. point of inception and produced a well-behaved monodisperse spray with :‘ﬁ

éﬁi‘ the aid of dispersion air which could then be measured with the cali- *

l":‘:! brated PIMAX system. ﬁ
g? For the spray produced with the assistance of dispersion air the

sg:; angle was about 10° and the number density typically 500/cm3. The PIMAX ﬁ
;&: optical configuration consisted of a transmitting lens of 711 mm, small

ﬁ$$ beam diameter of 80 ym, receiving angle of 20°, and receiving lenses of

B 300/495 mm.

!

The photographic system (Figure 3) consisted of a stroboscopic
B light source which flluminated a string of monodisperse droplets pro-
duced by a Berglund-Liu droplet generator. The scattered light from
this string of droplets was collected by a 55 mm Olympus f 1.2 lens.
a8 The collected light was then relayed to a 490 mm lens which focused the
(ég image onto the film plane of an Olympus OM-2 body.

Y The Olympus camera was mounted on a rack and pinion rail for

B focusing. Since this was a constant magnification system, the movement :
LR
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- of the camera did not affect the magnification of the droplets. The

|E

e total system magnification from the droplet to the image on the film

auyp plane was approximately nine. A resolution chart (U.S.A.F, 1951) was

-
-

"
v
v
S

R . e

R also photographed with the same system and used as an absolute scale to
ﬁ calculate the droplet magnification. It also served to determine the

qu. resolution of the optical system.

TR AR s

¢t It was estimated that the resolution was less than 2.2 ym but

o larger than .8 pm due to noise in the system.

o sew s gw e At

iy The stroboscope (Gen Rod 1539) was used on its highest frequency

ap‘ <

<
L3
el

setting, having a flash duration of 800 ns at 1/3 of the peak intensity.

This exposure time was short enough to "freeze” the droplets which were !

‘i:“l‘ 1 '
i‘o'i': Ni 3
Qq(‘ traveling at about 6 to 10 m/s. The decay of the strobe flash left a )
l'. A
4

?ﬁi‘ faint "ghost image” of approximately 3 droplet diameters. The procedure

B

‘?hl for the flash photograph was to open the shutter in a darkened room, .
,bhi \ ‘i o
ﬁpﬂ remotely fire the stobe once, then close the shutter. An 8" focal %&!
v A
DL .
Lﬁﬂ length lens was used to focus the strobe light on the droplet stream to

" e maximize illumination.

=5 3R

:$\ The film used was Kodak Technical Pan Film 2415 which is an
L
ey extremely fine grain film (320 lines/mm). The film was given an expo- '

ALK sure index of 50 and developed for 12 minutes at 75° in D-76 developer.
§ %

.
i
s
8

gé& This developing time was used to produce an optimum optical density of

- -
"o Ty
K~
e
[T
'-L-s.‘
ragh s g

X «5, as measured on a densitometer, and a contrast index of 2.5.

Fﬁﬁ Two size droplets were photographed: an 80 um droplet string v ¥
a 9.“. % ]
%:ﬁ. produced with a flow rate of 0.3 cm3/min and a frequency of 18.6 kHz, o :
. '

¢

and a 52 ym produced with the same flow rate and a frequency of

T
27

-
%2

J, 69.4 kHz. The corresponding sizes obtained photographically are 78 um

.::‘:
-’
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and 50 um. Figures 4a and 4b show the photographs of the corresponding
droplet strings. The 52 um droplets were then dispersed with air to
form a monodisperse spray. Here the photographic technique was more
tedious since very few particles were in focus. Figure 4c shows a
photograph of two of these droplets. The estimated size was also 50 pm.
We could, therefore, conclude that the Berg-Liu predicted size is photo-
graphically confirmed to 4% error. The size and velocity histograms
measured with PIMAX of a 59 um droplet (as predicted by the Berglund-
Liu) are shown on Figure S.

The following table shows the size predicted by the Berglund-Liu
generator, and measured with the PIMAX system. Included are the

measurements of the spray produced with the aid of dispersion air.

dptedicted dmeas. error
Droplets Mode (ym) (ym) (%)

Monodisperse String 59 60 +1.7
Spray 59 58 -1.7

String 54 53 -1.9

Spray 54 53 -1.9

String 52 51 -1.9

Spray 52 49 -5.6

Dynamic Size Range

R A R S S A

The dynamic size range is defined as the ratio of maximum to
minimum size measurable by a system with a given single configuration.

The actual values of the extrema can change depending on the chosen
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- configuration. For fuel sprays, as an example, the dynamic size range . ~
- i
53&' should be about 30:1. Therefore, an instrument with a narrower dynamic Qﬁ {
NN '
gty ¢
ﬂ{ﬁ: range would need two or more configuations to resolve the spray. *k
BN
Ve b ¥
. To establish the dynamic size range particles of various sizes a
BV .
?ﬁ should be measured and so should their signal-to-noise ratio. Thus, the 2
I ) Qi
:gﬂ: minimum measurable size is established for a given upper limit. Bi i
":"' '
In the present experiments the variety of sizes that could be
é‘{ generated was limited. Therefore, the approach taken was to simulate % i
1) N
ﬁ \ different size particles, given a stable droplet string. First, it is 3 8
¢,
!.. ) &
n
' important to recognize that the scattered light signal is characterized
5¥ oy ey 4
{; by its amplitude and visibility. Both of these parameters were indepen- f‘ )
a1 o
:l. &0 )
ﬁg*v dently controlled during this experiment, primarily by masking the o
¥
i receiver and attenuating the laser beam. The S/N was estimated from the ﬁi
N |.g,‘ 1]
)ﬁ’. velocity histogram given that the stable droplet string produced a : :
'
sty ﬂ )
1§§: single velocity value. The signals of the simulated small particles had ) {
]

optical noise which was interpreted by the electronics as a broad velo-

-
"
-

“wﬁ city distribution. Using the velocity broadening as the criterion for u

D

Rt

signal acceptability, the maximum dynamic size range was estimated at

100:1 for a 25 mW He-Ne laser.

.J’
.
o | |

.

\§

t

t

LX) Spray Results {

.-"4:.'1 :
A§ d 4
Lo A Parker-Hannifin simplex spray nozzle (Part No. 6730051M7) was =
(XY \
;%s characterized with the new PIMAX system. Three aspects of this work are :
O, ]
%ﬂ‘ described here. First, the effect of the probe volume correction in the ;
A ‘F

size distribution is established. Two positions of the spray (the

5

iy center and a radial position of 10 mm) were chosen for these studies. 3
“:.3“ v
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Second, the system's self-consistency is illustrated by acquiring and

displaying the data in two overlapping size ranges (10 - 100 ym and

15 - 150 ym). Third, the spray is mapped as a function of radial

e
A,

position and pressure for an axial position of 50 mm.
Figures 6a and 6b show the raw counts and probe volume corrected

counts of the size distribution of droplets in the center of the spray

x5

for a pressure of 50 psi. Both the raw and corrected counts are normal-

= |

ized by the time of collection and the size bin width. Notice that this

4

latter is just proportional to the size range in question. The cor-

iy

rected counts are, in addition, normalized by the weighting function of

the probe volume. Two key ideas are conveyed in these figures: First,

Kprd

probe volume correction is needed to unbias size distributions obtained

with nonuniform intensity laser beams; second, broad size distribution

-

can be resolved with a series of overlapping ranges.
It should be noted from Figures 6a and 6b that very little cor-

rection is required for the large diameters. This is not a general

o 2

statement and it depends on the ac modulation (given by the product of

£

‘he pedestal and the visibility) associated with any size droplet. In

»

the reported experiments, we chose a size versus modulation dependence

s |

which would make the large droplets less subject to threshold varia-

AR

tions. Nevertheless, there is a consistent error in the corrected

gy ”~

)
e
T
il

counts of the large droplets, showing that the number of large droplets

SE measured in the 10 - 100 ym size range is larger than the equivalent
" measuremeat in the 15 - 150 ym range. This will require further

&

research in instrument sensitivity and experimental procedure. The size

distributions obtained with the two ranges are, however, very similar,
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and the effect of the probe volume is very noticeable in the small size

end. Raw and corrected data are also shown on Figures 7a and 7b cor- ?%kg
o4 ['*'1 (}
NG
responding to a radial position of 10 mm and the same pressure (50 psi) ;& ﬁ?gﬁ

and axial position (50 mm) as before. Here, there is less discrepancy

in the counts of the large droplets and more in the small droplets. The

>3

trend in the size distribution is the same that was reported before.

R
i
B
o)
-

Namely, there are more small particles in the middle of the spray than

at the edge.

Size distributions were obtained at five radial positions and the

B YA
&

results are shown on Figures 8a and b. The first shows the variation of

Y
o A
peak diameter at 50 psi and 60 psi. As can be observed, the peak of the ﬁ{ é:
?': :_. rEyt
distribution changes almost a factor of 2 between a radial position of ,$
) )

zero and ~10 mm. It can also be observed by comparing the data of

s

!

-
e

P

D
=10 mm with that of +10 mm that the spray is not symmetrical. Figure 8b 2

o x
- e

pris

shows the variation of SMD as a function of radial position for the same

two pressures. As can be observed, there is a distinct difference in

I
2,

SMD for the two pressures. In addition, there is some dependence of the

S g
o
Sy~ d

X
‘En ."{.‘.‘ ‘

SMD in the radial position. Notice that these values cannot be directly R ‘E%
t 73 .oy

‘,
-
e
)
-,

compared to spatial measurements (such as flash photography for there is

eu‘,l

a strong correlation between size and velocity.
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3.5 Measurement of Submicron Particles

The measurement of particles near the wavelength has always been

a2 s

a necessary yet challenging task. We experimented with IMAX/PIMAX and
found that it worked very well in the size range of about 0.5 um to sev-
eral microns. Obviously here, the full Mie(l) scattering equations had
to be solved since ray optics are no longer applicable..

We tested this concept with PIMAX as shown on Figure 1.

It should be pointed out that this application was sponsored by

AEDC since they are interestd in establishing the effect of particle

Bz

size in LDV applications. This was only possible because of the previ-

2 ous developments under the AFOSR program and we find it appropriate to
.__.:
' include it in this Final Report.

Theory
0
fﬁ» If we refer to the small beam as 1 and the large beam as 2, the
! intensity profiles in the probe volume can be separated by their polari-

zation and given by:

R

-2y7.2,2. 22
Il = 2Iol exp (——2—][x +y+z7y /4] .
: °
ﬁ 2%z 41rxsin(-%)
[cosh (-—2—1) + cos ——————], (1)
A
, b
B A
ﬁ and
UM
“ '.:
l “:‘::"
bt
I:q:l‘.“l
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Where Io is the center intensity, y is the intersection angle, b, the
waist radius, A the laser wavelength, and x,y,z the coordinates. The z
dependence of the large beam is negligible. If we also assume that
%l-s 0 (which is an excellent assumption since a pinhole in the receiver
will limit the value of z), the intensity scattered by a spherical par-

ticle is given by:

2, .2, 2 |
I, "2, R, (d,n,8,2,1,P)G, exp((- ;T) (x"+y%)]
°1
[1 + cos 2-I§§ . V], (3

and
L = 10 1<Z(c1,n,e,n,x,S)G2
2 2
exp [(- 5-)P+9)1 )
bo1
where

K is the scattering cross-section as obtained by the Lorentz-Mie
theory(z)- It 1s a complex function of size d, the index of refraction
n, the collection angle 8, the solid angle of collection , the wave-

length A and the polarization. Here it 1s assumed that the small beams
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Lo

have a polarization parallel to the scattering plane while the polariza-

P - AU
e 7
N R x,

tion of the big beam is perpendicular. G is the gain function of the
instrument, and V is the visibility of the measured particle.

It should be pointed out that the visibility of the particle is
not an adequate parameter to obtain the size, given that many of the

particles of interest are below 3 ym and, in general, many of the parti-

=5 <98

cles will be submicron.

Equation (3) gives the signal response of the laser Doppler velo-

vl

cimeter which will establish the detectability of the signal. The pro-

cessing logic will be the following: signals exhibiting ac modulation

B

will have crossed the fringe pattern which is located in the middle of

s 5
3 d’é <8

the large beam. Therefore, signals validated by the laser velocimeter
correspond to particles crossing the middle of the large beam and their

scattered light can be inverted to size since the Gaussian ambiguity is

[

CX AN
L

removed. In Equation (4) the exponent can therefore be approximated as

unity and we get

A 555
R e X D
o, A -

The K, coefficients will be obtained from Lorentz-Mie scattering using a

=
[

modified version of the numerical program developed by Dave(3), Equa-

o

tion (5) can then be solved for the particle size which is contained in

KZ (d,n,e,Q,X,S)o

- o - . .
- -
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Numerical Computations of the Scattering Functions AR

To obtain the particle diameter, d, it is necessary to know the ;fig;
functional relationship of K, (d,n,0,Q,1,5). This function can be quite (i
complex and it 1s necessary to find the conditions under which the y
ambiguities, if any, are within tolerable error margins. The computa-
tions were made in a PDPll computer. Parametric studies were conducted
to establish optimum experimental conditions. These parameters include

the angle of collection (8). The solid angle of collection (Q) and B

index of refraction (n - inz). The results show that near forward

A scattering angles of collection (8 < 5°) offer the best optical charac~ X ‘!;;g.,
'Q‘ " “{"
» teristics. ; i: 0
e
) I‘Q\t‘.el
ﬂ Since the index of refraction of the particles present in LDV bt
applications may be quite different, it is important to establish condi- :-,
- )
- '.'
%‘ tions which are less sensitive to these variations. Both real (n;) and . v'l"tq
e A ()
imaginary (nz) parts of the refractive indices were varied to check the u:'}xg

sensitivity of these parameters. Figures 2 and 3 show the scattered

E
2
'

Eﬁ intensity as a function of the particle size parameter o for different ‘,.«',‘.I’,
4 ft .t
Byl

values of n) and ny at different scattered angles. tt!! ':'

; It can be concluded from these calculations that shallow angles :::{:’:Z;
. PN

- of collection (< 5°) offer the most favorable conditions. . g::::‘

” ol

hel The calibration of the system was conducted with known size poly- RO

g: styrene particles, therefore the scattering function corresponding to :2";:::;:::
0

> gy

these particles was also evaluated. The results are shown on Figure 4 :o'::n:::»(

() Q“

» ‘.-'.“»'.
& and, as before, the shallow angles offer the best conditionms. e :
ELE4EE

B ROhNE
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l Apparatus and Experimental Facility S
RN

i
Figure 5 shows a schematic of the optical system used in the '::ggsig

! experiments. The system consists of a transmitter and a receiver posi- P
tioned 5° off axis. The transmitter uses a 5 mW He-Ne laser. The laser *:E?::'Ei:c‘

g beam is focused on a diffraction grating (DG) by Lens L;, and the three i‘:ézsé
major orders are collimated by Lens Ly. The zero order beam goes ‘:’;.

& through a beam compressor formed by L, and Lg and its polarization is .ﬁiﬁs’ﬁég
@ rotated by PR. Lens Lj focuses and crosses all three beams to form a .‘” ;
probe volume like the one shown in Figure 1. The light scattered by “'”‘>

E particles crossing the probe volume is collected by Lg and focused onto g‘é‘:i
the photomultipliers by Ly. A cube polarizer (CP) divides efficiently a:é?:i:‘

ﬁ the scattered light into its two polarization components. In addition, Q
ﬁ a polarization filter was placed in front of the PMT which looks at the :ia,;géz%
big beam (BPMT) to reduce the cross talk between the two polarizations. :EEE‘::EI

l The size of the probe volume was typically 600 ym for the large .“E'*;
beam and 86 ym for the small ones. The fringe spacing was 10.7 ym. To :‘:",‘a

g reduce the size of the probe volume we used a slit in front of the BPMT. 0 "
o

The width of this slit was typically equal to the diameter of the small

g probe volume (100 ym) and its length was about four times longer to :§§§:
% avoid signal masking. Thus, the probe volume was about 10~5 cm3 which, 'ﬁs?jE
‘ in general, is quite adequate for LDV applications. b
3 R
LY

B o
when

3 iR
e

228615F35/29 tf!“_i_

j e (] 0 "‘:‘;

R A R T AT ROAGHOGGSHGA0 e An 0 My () O O SN, D DAY D000 L LE T “ (
S AN s B R R S L s O R N e ST A

(
l'.q." )




CFU-2¢

SPMT

cp

S Probe Volume BPMT

LZX \l, Lg L7
L 18 \e Ls E
|
v

4 - IRROR
PR&

= RECEIVER

e TRANSMITTER

e':‘g'

s

W

Ay

$§§

'y

'1, Achromatic Focal Length

B ¢

.:2:;5 Lens (mm) .

o L, 35 CP: Cube Polarizer ﬁ
Ly 220 DG: Diffraction Grating :

e L, 112 100 lines/mm N

:::,:' Ls 16 PR: Polarization Rotator tg

g Lg 300 5 o

o L7 500 :

LN ]

Figure 5. Schematic of PIMAX system

.

.l:" 3 !“
|.'ll‘ 3]
¢ ’I‘ (]

mE 3 B 22 =S =M B

17,8 "
o 3
.Ii;.!! C
o 228615F35/29 /]
B -95- :
R
:t: '

b

h 3 g -, I OLODROROLN TR LA 4 X O
,‘q‘h&.:':"‘:’! A -\h‘..lai {. l‘r’t.; I.J&',g‘ﬁ't‘ﬁ« g’l}‘i 0 ‘er'i.s".s 5, &Béu 0.“&:”

. e O (S Q000 f OO W) ) 3 &)
R S Mt s s e e S e




|
|
i
|

The Particle Generator

The particle size of interest is that corresponding to typical
! LDV applications. We used polystyrene particles of 1.1 ym, l.7 ym,

2.7 ym and 3.3 ym in diameter. These are latex particles made by Dow

Chemicals of good size uniformity and of spherical shape. The particles

>

come suspended in water with a concentration of 10% by weight. A few
droplets of the particle suspension were introduced and diluted in a
nebulizer. An air compressor provided the air flow to produce a mist
carrying the polystyrene particles out of the nebulizer and into a
heated chamber. There the water was evaporated and the particles were
sprayed over the probe volume.

Different size particles could be introduced into the nebulizer
thus producing monodisperse, bimodal, trimodal and quadramodal distribu-
tions. The compressor was also used to trap the particles after they
passed through the probe volume to avoid contaminating the surrounding
environment. Figure 6 shows a photograph of the optics and the particle
generator.

An alternative apparatus was also constructed to introduce glass
beads into the probe volume. The glass beads come in dry containers and
their size distribution was reasonably broad. A test tube with a

stopper was used to contain the glass beads. Two glass tubes protruded

through the stopper and flex tubing was connected at the end of each
- glass tube. One of the flex tubes was connected to a nitrogen tank via
iu a pressure regulator and a flow meter. The other flex tube discharged

the glass beads into the probe volume. The flow rate of nitrogen could
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be regulated very carefully and thus, the flow velocity at the exit of

the flexible tube could be reproduced.

Experimental Results

The system was calibrated and tested with polystyrene latex par-
ticles of uniform and known size distributions. The size and uniformity
of the particles were checked with a microscope and agreed with the man-
ufacturer's specifications.

Size and velocity distributions of the polystyrene particles
flowing out of the heating chamber were obtained with the optical system
described above. Figure 7a shows the distributions corresponding to
1.74 ym and 3.3 ym. The calibration high voltage of 500 V was estab-
lished based on the 1.74 ym. The arrow with the 3.3 um mark indicates
the value predicted by the Mie calculations. In Figure 7b an intermed-
iate size of 2.7 ym was added and the calibration high voltage was
changed to 550 V to decrease the size range. As before the calibration
was based on the 1.74 ym, and the arrows point at the numerically pre-
dicted values. The 3.3 ym was measured very accurately, but the
measurement of the 2.7 um particles was off by two bins. This error was
consistent and very repeatable. We attribute it to the oscillations
found in the scattering function. Figure 7c shows the distributions
corresponding to four different latex particles. As before the calibra-
tion was obtained with the 1.74 ym particles. The calibration high vol-

tage 1s 550 V. It must be pointed out that the size histograms are

228615F35/29
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SIZE AND VELOCITY HISTOGRAMS OF 3.3 um, 2.7 um, AND 1.74 pum

DIAMETER SPHERES IN AIR - PHOTOMULTIPLIER TUBE HIGH VOLTAGE =
550 VOLTS.
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SIZE AND VELOCITY HISTOGRAMS OF 1.1 pm, 1.74 ym, 2,7 uym, and 3.3 um
POLYSTYRENE SPHERES IN AIR, PHOTOMULTIPLIER HIGH VOLTAGE = 550 VOLTS.

Y
-

o,

s R S
. -

-101-

m

wef)

' ¥ OGN 0 ) AR IN A% ST Ol N TSR ST e Wi o N AW RN Xh
B s e . MRG ali‘a‘ N R e D D R i T AT Shdh]



e
» o

- . - =

© e

o~
-4

R

. ""

£t

."

“
‘.
by

t e OnOAOROUOUNE
o a"t»"”':f.'fff.? v'\f"v‘.' )

ER Y IO < !
OIS O A
ERORIR IO W o S IO ,:’

divided into 53 equal size bins. Therefore, distributions on the large
diameter end will appear broader than those in the small diameter end.

These results indicate that the technique and instrument can
accurately discriminate the particles by their size in LDV applications.
Unfortunately, since all the particles are rather small and the flow
velocity 1s also small and constant, all the particles moved at about
the same velocity. Therefore, no velocity/size discrimination could be
established. To illustrate this last point we used very large glass
beads which would not follow the flow. Two different size classes were
simultaneously introduced 1n£o the test tube and entrained into a con-
stant nitrogen flow. These particles were sprayed over the probe volume
and their size and velocity histograms are shown on Figure 8. Notice
the bimodal size distribution and the corresponding bimodal velocity
distribution. Although not obvious from this figure the small particles
are moving faster than the big ones. This is better i1llustrated in
Figure 9 which shows a velocity/size distribution of the entrained small
and large glass beads. It can be deducted that the small glass beads
are moving at about 13 m/s while the large ones are moving at about
8 m/s.

This particle size range is not expected in LDV applications but
the experiment illustrates the kind of error that can be incurred in the
flow velocity measurement if no consideration is given to the particle
size.

An aspect of the PIMAX technique that needs to be considered is
the crosstalk between the two polarizations. To establish this cross-
talk a series of tests were conducted. First, the polarization ratio of

228615F35/29
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SIZE AND VELOCITY HISTOGRAMS OF SMALL AND LARGE
GLASS BEADS ENTRAINED IN AN AIR JET.
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VELOCITY DISTRIBUTION OF SMALL AND LARGE GLASS
BEADS ENTRAINED IN AN AIR JET.
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the transmitted laser beams was measured with and without particle i
1;‘:,: extinction. To produce a substantial particle interference a fuel spray f
Tyt
%2::‘.:’ was used to attenuate the laser beam by 10%Z. Very little change in the @ 4
o polarization ratio was measured which is of no surprise since the light
'*:i'{ scattered in the forward direction carries the same polarization as the 5 :
é% incident radiation. A second set of tests was also conducted. Mono- ::f '
R disperse droplets produced by a Berglund-Liu generator scattered light .
%’,;:;:::: which could be analyzed by the receiving optics. One PMT measured the a
.!‘.::: S-polarized light while the other measured the P-polarized light. We -
i blocked the large beam which is S-polarized and illuminated the parti- -
:::;: cles with the small P-polarized beams. The scattered light was measured %": !
;:::’ in the PMT intended for the S-polarized light. The crosstalk was about ™ z
:;‘;':'? 4% at large (20°) angles and smaller at shallow angles. This crosstalk -
“E;.E:é: could be virtually eliminated by placing a polarizing filter in front of :
:

:5,::: the PMT. It should be noted that the intensity into the small and large
beams may not necessarily be the same and, therefore, the crosstalk will

iy be proportional to the intensity ratio. For the small particles of
¥

interest in LDV and at shallow angles of collection this crosstalk is

negligible.
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3.6 Measurement of Nonspherical Urops

Another study which spun directly from the AFOSR research
involves the measurement of nonspherical drops. This is also of
interest to NASA and the Department of Commerce for their interest in
atmospheric phenomena. Again, we feel it appropriate to include this
work in this Final Report since it shows AFOSR how its program has been
synergistic with other work of interest to other agencies.

This work is also very important to AFOSR, particularly for the
measurement of dense sprays where the shape of the droplets is not
necessarily spherical.

In this subsection, we discussed specifically how a top hat laser
beam can be used to measure spheroids and its application to the

measurement of heavy rain which is of interest to NASA Langley.

Introduction
A technique to measure raindrops during very heavy rain is dis-
cussed, and results from an experimental study are presented.

It has been postulated[l] that heavy rain, especially accompanied

by wind shear, is responsible for many accidents during aircraft landing
and takeoff. To quantify this effect, wind tunnel measurements will be

conducted at NASA Langley to model real situations. The size and velo-

city of droplets in the free stream are required inputs to these models.
Techniques are therefore needed to measure very large size droplets (up

to seven or eight mm) in very large liquid water content (up to 40

gr/m3) environments.
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'cfff There are three major problems in characterizing raindrops in w
e heavy rain using optical methods. First, the shape of the natural rain- .
l""

B

1:»:‘ drops may be nonspherical especially for large size droplets. (2] Since

-
- »
e
-

4=

g light scattering theories assume for the most part that the droplets are
ay spherical, errors will be incurred when inverting the scattered light
f';}'\'j information. The selection of optical conditions to minimize this error
becomes an important aspect of this work.

In the size range of interest (>100 im) the scattered light can

;‘r
< s
R B 28

e be divided into three components[3]: diffraction, reflection, and

refraction. The first is in the forward direction and cannot be

e
X
=5
-

i completely separated from the unscattered beam. The last two are more 0
“ [
:: sensitive to shape and mst be interpreted carefully. el
',': Second, the large range of droplet size encountered in heavy

rain[l‘] can also impose difficulty in the size measurement. In order to

&‘i,:‘g measure a particular size range, a suitable size probe volume is 3; :
‘::i:g required. This probe volume can, however, impose limitations in the
sl number density of smaller droplets. g
::ti:‘i‘: Finally, beam blockage and interference due to the presence of ﬁ i}
;:5:3? upstream droplets along the veams can affect the measurements. Beam

Y blockage and interference introduce instantaneous fluctuations to the ﬁ
g;?: constant intensity laser beams. These fluctuations not only broaden the . ¢
?ké size histogram but also reduce the data rate of collection. We demon- a
_’:‘:‘ strated that a laser Top Hat technique can be used to obtain the t‘,
;33:. required measurements. This method based on the absolute scattered M -
ESE:: light from constant intensity laser beams can measure droplets in the ﬁ '
oY 0.1 mm to 10 mm size range moving at very high speeds.

oY 15
t,: ﬁ
s 228615F36/39

R -107-

.
hh

-..q- 0" - - N Pu_-

R AT IO S N ) A RN Ng ) ? 3
‘.‘1'3&"“’.‘@""!"'!‘s‘ﬂ‘.‘"'f‘.’l‘;"an‘«":“w“ l‘!‘l‘!‘l‘a t“‘l‘:‘l‘- 4 x L b - | SN S NS A U u~ ‘&" 0

'ﬁ 4. ¥ )
L O SR INALOGOIY



== R &=

Y S O XX

=

=
¥

=

2%

i
3
i

LR

144

L3 .).t

Al

.
aﬁ’s

L)
LA

¢

Description of Apparatus

Figure 1 shows a schematic diagram of a Top Hat optical system
and the associated electronics. Two cylindrical lenses Ll and L2 expand
approximately 8 times one dimension of a 1.25 mm diameter He-Ne laser
beam. This expanded laser beam was masked with a 3 mm slit placed after
the cylindrical lens L2. A spherical lens L3 and a beam splitter were
placed such that the mask was imaged at the center of the spray. This
was accomplished by placing a thin hair at the mask and searching for
its sharp image at the conjugate plane. The two beams coming out of the
beamsplitter were crossed there thus defining a probe volume with inter-
ference fringes. F/5 receiving optics placed at 90° imaged the probe
volume on a pinhole in front of the PMT thus limiting its length. The
output of the PMT was connected to a VP100l signal processor which was
interfaced to a computer. The velocity of the droplets was measured
from the Doppler frequency and the size was measured from the peak of
the absolute scattered light using a pulse height analyzer. A low pass
filter eliminated the ac component of the signals measured by the pulse
height analyzer.

Size and velocity histograms of the droplets crossing the probe

volume were displaced in real time and stored for further analysis.

Description of Experiments

. O PEAN AR A\ i A
3Ry A XA ¥ T,
NG "a"?f"“)?": i it AN '-‘a" ELY 's"‘

Three kinds of experiments were conducted to establish the feasi-
blity of the Top Hat technique in measuring heavy rain. These experi-

ments were designed to address the following issues:
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a. The ability to measure a spray produced by a BURR 2 (this is i’v.;,:o;s(
e"C'..Q"
L o 3
a nomenclature adopted by JPL to define multitube nozzles - .:::ﬁ?:«
SO0
see Paper 0291 of this session) nozzle in the 300 to 9000 ym Z’t:
range. ;5,"!
S
b. The effect of spray interference on monodisperse and polydis- I
perse sprayse A,
i
:Di':!":’
[N
c. The effect of droplet asphericity on the scattered light. RS
The first type of experiment was conducted using a single orifice fiﬁ‘ps»‘f{
%
et
of a 5 orifice BURR 2 nozzle. This restriction was imposed by the size : ‘f*t.
of our laboratory which, unfortunately, is not designed to handle the A
874y
IR
five orifices at full blast. Visual inspection of the spray indicated DDA
[ LEATS
4
that well established droplet regimes existed 2 m from the nozzle tip. R
We, therefore, installed the nozzle at 4 m from the floor and sprayed e :
f.’i‘@";t
down. Measurements were performed at about 2.65 m from the nozzle tip. ‘:Q‘:t'}‘
0‘,.«;9‘,%
A pressure gauge next to the nozzle was used to monitor the discharge 3 '.f”f
pressure during measurements. The spray was discharged into a 50 gal. i
§
bucket with a submersible pump to dispose off the water. The spray flow ’tg\:ﬂ’
?'v
rate could be easily established with a stop watch and volume measure- sz;sihi“
ment. The optics remained fixed during the experiments and imaged at a :,".:;:.:k
NN
W
predetermined position within the spray. '«':::‘
T}
ﬁ To assess the effect of spray interference, the laser beams 3\::":‘::{
traveled through the "rain spray” and formed the probe volume after the '%!%5
‘ .
; 1
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spray. At the probe volume we measured monodisperse drops of known size

" (typically 2.8 mm) or another spray produced by a Spray Systems pressure ':
\‘Q'C X
Lt > &)
:El‘ nozzle. Typical LWC during the spray measurements and laser inter- . [
L ¥
) R

3 ference experiments were about 90 gr/m3, which is considerably larger
than that encountered under the heaviest of rains. There were two

reasons for testing the feasibility of the technique under such large

=)

LWC. First, this was the normal level encountered at 3 m from the

:: nozzle tip. Second, we postulated that if we could perform adequate :,_
LS N 3G
;i measurements under this heavy particle loading, the technique would most 12
S definitely work in the wind tunnel experiments. 'i
%ﬂ The last set of experiments were conducted to qualify the effect :é
§§§ of droplet nonsphericity in the scattered light. Photographs of the ;::
::;;:‘ spray indicated that many of the large droplets were nonspherical. The i &
ﬁk objective of these experiments were to estimate the errors associated ' ?
gﬁ' with assuming spherical drops. These experiments were conducted with gg;?
My &
‘ﬁa the Berglund-Liu monodisperse droplet generator. Droplets of known i
- volume but aspheric shape were produced with this device. .«j
g X
i g
B Calibration Procedure .
’55‘ A monodisperse string of droplets of 2.8 mm provided the required gE»E
§%§ system calibration. These droplets were produced by allowing water to ,"g
?% free fall through a syringe and a hypodermic needle. The size of these E;;E
e droplets was determined photographically to be 2.8 mm ¢ 5% The light ﬁ i:
;?3 scattered by the moving droplets was focused onto the PMT of the ‘ ki
;gk receiving optics. A mask was placed in front of the collecting lens to 3 g:

¥

ey
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adjust the collection F# and thus obtain a visibility appropriate for a
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[ particular size range of interest. It should be pointed out that the Olbdid
visibility is not part of the size measurement but it provides the ac ‘ﬁﬁﬁ%
7 :_;*il 4
thy modulation required to make velocity measurements. ;g&&ﬁ
Pt i )\.‘é’ ;ﬂd;.
Finally, the gain to the PMT was adjusted manually to calibrate rhire
i the size sensitivity. Figure 2 shows a representative size and velocity ;&ﬁ%&
¥ !,\ ’Qg

3
histogram obtained with the 2800 ym calibration drops. 'ﬁ.&%

I§ A

e

Experimental Results by

Y\ !:3::«;:;:,
NG
The results of the three kinds of experiments described above are bk&&;

. Aty

. N
' presented now. fff;:
¢|: Q‘t,"j.
z Characterization of Simulated Rain Spray ;’ik*s‘s‘
ey

A." 6. :

A rain spray produced by a single orifice of a BURR 2 nozzle was
measured at an axial location of 2.65 m from the nozzle tip and two
radial locations: r=0 and r=6 cm. The scattered light was collected at
90° and at 200, at distances of 0.62 m and 4 m« Most of the measure-
ments were conducted at 0.62 m but some measurements were made at 4 m to
emulate the conditions expected in the wind tunnel. Nozzle pressures of
50, 60, and 70 psi were investigated.

Typical size and velocity histograms are shown on Figure 3 for a
central radial position (r=0) and a pressure of 60 psi. Notice that the
size range is only 10:1 which is a limitation imposed by the elec-
tronics. Broad size distributions were measured by splining several
overlapping size ranges. Figure 4 shows the size distribution corre-
sponding to the center of the spray obtained with three different size
ranges. These measurements are plotted together to establish
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Figure 2, Size and velocity histograms of 2.8 mm diameter

-
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droplets produced by hypodermic needle.
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discrepancies in the overlapping regions. The typical trend is that the

number of counts is underestimated at the small size end of any range.

To some extent this is due to the limited laser power available for this

v

experiment (25 mW HeNe). Also plotted on the same figure is the size
distribution corresponding to the edge of the spray. The size range of
100-1000 ym was calibrated with a 283 um droplet produced by the
Berglund-Liu. The measurement cross sectional area was smaller for this
case: 0.6 x 2 mm, compared to 1.5 x 2 mm for the other ranges.

Figures 3 and 4 show that large droplets (up to about 8 mm) were
produced by the nozzle. The number of droplets was inversely propor-
tional to their volume down to a few hundred microns.

The measurements at the edge of the spray show a lower number
density and smaller size distribution, therefore, yielding a smaller
Sauter mean and linear mean diameters than those at the center
position. This behavior depends on the nozzle geometry and it is quite
common to experience the opposite trend (smaller drops in the center of
the spray) in sprays produced by typical pressure nozzle.

The following table summarizes the results obtained at the center
position (r=0) as a function of rain nozzle pressure.

Keep in mind that these are point measurements and will differ

Ol B WSS B T RE SE =5 9

from integrated measurements taken at the same plane.

&%

Spray Interference

x4

To evaluate the effect of spray interference in the size measure-
ment, monodisperse strings of droplets and polydisperse sprays were

measured with and without the simulated rain spray interfering with the

228615F36/39
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Figure 4. Size Distribution at the Center and Edge of Rain Spray at 60 psi.
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o Monodisperse String of Droplets "
Y To evaluate the effect of spray interference, droplets of a ﬁ "Z
W, i"v_'-
D ).
:',é uniform size were measured with the laser beams traveling through a - ::
Wy & W3
e Ly
: .': spray produced by the BURR 2 nozzle. These measurements were compared W
o to those obtained without interference. Since the effect of the inter- gj ,E
28
3

31‘ ference on the size can be a function of the signal level, different ;
i., 1
Q ’
(A , . . . . v,
::0"!‘ signal levels were obtained by masking the receiver to obtain an @ s
o intensity and visibility corresponding to an appropriate size. Iigures '.i
‘ N
'__‘u" S5a and 5b, respectively, show the size histograms of a monodisperse g :'a

v, v,
g by
L string of drops with and without interference. Three etfects were Y

LY observed in these measurements: (1) the mode of the size distribution
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decreased (from 2739 um to 2677 pym); (2) the distribution broadened; and

s
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(3) the data rate decreased and depended on the particle size. The

i
»

.;g"‘.f first effect can be easily attributed to laser obscuration. In many v
X N
-*: practical situations this effect can be either ignored or compensated @ ;:
KA e +
: r for by monitoring the transmitted beam. The second effect can be attri- "
0 buted to the random nature of the spray blockage. In the measurement of g é
VN a polydisperse spray, this effect will go unnoticed since the broadening §
M "'] s
) between bins will result in almost zero net exchange. The third effect 'i '

L,

' can be more serious and difficult to correct. The trend was invariably o W)
s R
1.. the same; namely, the large drops are more susceptible to rejection than : ::
) 4
) \
\.,. the small drops. This is illustrated on Figure 6 where the data rate ﬁ '
T.':;:': (normalized to its value without interference) is shown for four .
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TABLE
)
NOZZLE SMD LMD PEAK VELOCITY
PRESSURE (psi) (um) (um) (m/s)
[
E 50 1649 1038 15
60 1575 956 16
W 70 1549 856 17
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different drop sizes. This effect can be corrected, or at least mini-

mized, with proper electronics. Analyses of the signals with a storage

oscilloscope showed that the large drops, since they have a low gg
visibility, are more subject to signal rejection. A low visibility
133 results in a low ac signal level. Present LUV processors base their l!
N ,
335 acceptance criterion on the number of equal time crossings. Spray

d
¥
S
x
—
w0

interference will introduce random crossings which disturb the otherwise

e periodic function. This is illustrated in Figures 7a and 7b which are

-
=

t photographs from the storage oscilloscope. This disturbance is less

U
’f‘l.z ne
5, |.' N
'ty important for high visibility signals. In the actual rain, or simulated i
R rain experiments this effect will not be as pronounced since the LWC is =
U

ey typically two orders of magnitude smaller than the ones reported here.
g However, more sophisticated acceptance criteria will reduce considerably

the errors due to the discrimination of the processor used in this work

& L
44) !
\ (VP1001). Eg y

S Polydisperse Spray

’y A water spray produced by a pressure nozzle (Spray Systems Teejet

o TGlO at 4 psi) was measured with and without the additional interference

T introduced by the BURR 2. The results are shown on Figure 8. The most
wrd noticeable effect is the drop in data rate for the case with inter-
'm{ ference. As expected, the broadening is difficult to detect given that

e the measured distribution of sizes is broad to begin with. Sgi
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Figure 7, Doppler Signal of Spherical Droplet Illuminated by e
(a) Undisturbed Laser Beams, (b) Laser Beams Traveling
Rain Spray. Scale for both pictures 0.1 ms/div and
1lv/div.
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The Effect of Droplet Asphericity In The Scattering Signal

Slightly aspherical droplets were produced with the Berglund-Liu
monodisperse generator. Droplets some distance from the vibrating ori-
fice may be the result of the coalescence of two smaller droplets
traveling at different speeds. These droplets will oscillate forming
elongated spheroids. A strobe light triggered by a fraction of the fre-
quency of the vibrating orifice permitted visual inspection of the
droplets. The volume of the droplets is known since at any time the
flow rate and number of droplets generated are known.

Receiving optics were positioned at 90° where the scattered light
is primarily by reflection. Figure 9 shows the size histograms corres-
ponding to spheroids of aspect ratios (a) 1.25, (b) 1, and (c) 0.83.
These histograms contain in the order of 2000 samples. 'These aspect
ratios were obtained from the strobe photographs shown on Figures 10a,
b, ¢, respectively.

This trend, in which vertically elongated drops scatter more
light than a spherical drop of equal volume, was also observed at a

collection angle of 5°.

Numerical Model

In an effort to explain the effect of the droplet shape in the
particle size, a very simple model was implemented. The model uses geo-
metric scattering, therefore, dividing the scattered light into three
components: reflection, refraction and diffraction. The model assumes
that for a given angle of collection the scattered light due to either

reflection or refraction is proportional to the illuminated area of the

228615F36/39
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droplet. No regard is given to p1iase and interference since for the.
most part the light is collected over a finite solid angle. For angles
of collection close to 90° the scattered light is primarily by reflec-
tion from the first surface of the droplet. Figure lla shows that the
laser beam travels along the y direction, and droplets of elliptical
shape are moving down in the -z direction.

For an ellipsoid of revolution the cross section at the z = 0
plane is a circle of radius a. At the y = 0 plane the cross section is
an ellipse with minor radius a and majdf radius b. If.ﬁé—piééé-fﬁé“‘
receiving optics in the plane z = 0 and allow a finite solid angle of
collection we get the following.

For the z = 0 plane it can be shown that

Ya

Itan g' -—;—x(x > 0

where 0 is the angle of collection solving for x:

Nl

X =acos 5, X220, 68<n .

Since the receiving lens sustains a finite angle (A8), there will be a

finite Ax along the equatorial plane of the droplet, where

a 0
Ax-lisini'Ael .

Similar calculations can be made along the ellipse described at y = 0.

To simplify the mathematics the x and y axis are rotated by - t, such

228615F36/39
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that the x axis is bisector of the incident and reflected beams. If we i

& o
oS
=
2
-
-

call this new coordinate x', the ellipse at y' = 0 is given by (Figure :,i"‘,“f-.‘,

-_-

llc) e
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o
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N N
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The collection angle in the x'z plane is A8, which corresponds to half
! the angle sustained by the receiving optics around the equatorial Tm-;

plane. It can be shown that for small A6, :‘lgg‘x,ni*

. e
™
-

Az
AZ-(a2)?

where Az is the half width of the laser beam illuminating the ellipse on ﬁ;{v..‘fi""‘

TR

the x'z plane such that the edge of this beam after reflection sustains :%;ga

¥ Y; ‘qf

hre "“.f{

a 88, angle with the x'y' plane. This yields at Az << b .\ el
¥

9 a
Aez ~ 2 sin 7:2- Az s 0“ \5:,-

therefore, EpNEH

For the assumptions listed above, the scattered light is proportional to if‘ii‘-“if‘?i

Ax + Az. For a sphere of radius c, e

2
I~ (52) r(o) —
s ~ () R(®) . e
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}Qk where R(0) is the reflectance of the droplet at a scattering angle 8.

" It has been assumed that a :
\"((: 14 ,
i
Ry .
Y v/
N A8 = A8 and cos (A8 ) = 1. X

z z -
RO,
A:oi,i H)?'
:Qs Volume conservation establishes that b
M
T "
G e =a% . ‘
Sl , '
1;0::‘ g
o
ﬁpf Therefore, the ratio of the scattered light from a sphere to a
- prolate ellipsoid is: !
L
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,-'.y_t' 1 4/3 é
A sphere _ (a \
-: W 1 (F) *

ell. 53 ‘

;fﬂ A similar but more complicated analysis could be performed for
L
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the refracted light. Intuitively, we feel that the error due to shape

changes will be smaller when collecting refracted light.
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